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FOREWORD 


Antennas  to  be  used  for  communication  in  Army  tactical  situa- 
tions have  to  satisfy  the  requirements  of  low  visibility  and  low 
vulnerability.  At  wavelengths  in  the  HF  and  VHF  ranges— the  fre- 
quency bands  commonly  used  for  tactical  radio  communications— these 
constraints  require  the  use  of  electrically  small  antennas.  As  is 
well  known,  the  design  of  such  antennas  requires  sophistication  if 
acceptable  electrical  performance  is  to  be  achieved. 

The  purpose  of  the  Workshop  was  to  bring  together  antenna 
scientists  from  universities,  industries,  and  government  labora- 
tories to  discuss  the  capabilities,  fundamental  limitations,  and 
design  trade-offs  of  electrically  small  antennas,  and  to  provide 
a forum  for  the  presentation  of  new  ideas  for  improving  antenna 
performance. 


Special  attention  has  been  given  to  active  antenna  techniques, 
which  up  to  now  have  not  been  used  by  the  Army  to  a large  extent, 
and  to  the  problem' of  controlling  or  utilizing  the  interaction  of 
electrically  small  antennas  with  complex  platform  environments  such 
as  provided  by  tanks,  helicopters,  and  manpack  sets.ft 

The  Workshop  was  suggested  and  sponsored  by  the  IX  S.  Army 
Research  Office,  Durham,  N.  C.  The  Communications  Research  Tech- 
nical Area,  Comnuni cations/Automatic  Data  Processing  Laboratory, 
ECOM,  Fort  Monmouth,  organized  and  hosted  the  conierence\ 
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CONCLUDING  REMARKS  AND  ADJOURNMENT . 


HiiLiDItC  .jA3Kj,'^U,\t1C.hcT  FIL'SD 


OPENING  REMARKS 

Colonel  D,  A.  Slingerland,  Director  cf  the  Communications/ 
Automatic  Data  Processing  Laboratory,  KCOM,  opened  the  Workshop 
and  welcomed  the  cc  r.ference  attendees . He  thanked  the  Army 
Research  Office  for  suggesting  and  sponsoring  this  meeting,  and 
by  referring  to  practical  examples,  underscored  the  Army's  need 
for  compact  tactical  communication  antennas  of  high  electrical 
performance.  He  concluded  his  welcoming  address  by  a surprise 
demonstration  of  a novel  and  highly  advanced  antenna  model 
representing  the  ultimate  goal  in  electrical  smallness:  the 
invisible  antenna  of  zero  dimensions. 
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PT:  ii  E1)IIC  PA'lE  ± SmAKK. j<CT  FILKE3 

WORKSHOP  ON  ELECTRICALLY  3 MALL  AN"" NNAS: 

BACKGROUND  AND  PURPOSE 

F.  SCHWERING 

Communications/Automatic  Data  Processing  Laboratory 
U.  S.  Army  Electronics  Command,  Fort  Monmouth,  New  Jersey  07703 


Due  to  the  use  of  integrated  circuit  technology,  the  physical  size  of 
tactical  radio  communication  equipment  h.  become  smaller  and  smaller 
in  recent  years.  The  antennas  operating  with  this  equipment  have,  in 
most  cases,  still  a rather  conventional  size,  i.e.,  linear  dimensions 
in  the  ofder  of  several  feet  at  VHF  and  of  several  10' s of  feet  at  HF. 
The  HF  and  VHF  bands,  covering  the  frequency  range  from  3 to  300  MHz, 
are  those  commonly  used  in  tactical  communication. 

The  interest  of  the  Army  in  reducing  the  size  of  tactical  antennas  is 
not  merely  a matter  of  conforming  with  a general  trend  to  smaller, 
more  compact  devices,  for  antennas  to  be  used  in  tactical  situations 
have  to  satisfy  certain  requirements  concerning  their  mechanical 
structure,  notably  those  of  low  visibility  and  low  vulnerability. 
Manpack  antennas,  for  example,  should  be  as  inconspicuous  as  possible 
to  enemy  observers,  and  armored-vehicle  antennas  should  be  hardened 
against  snail  arms  fire  and  the  shock  waves  and  fragments  of  artillery 
shell  explosions.  Both  constraints  require  compact,  low  silhouette 
antennas.  At  wavelengths  in  the  HF  and  VHF  ranges,  this  means, in 
practice,  electrically  small  antennas.  According  to  a commonly  used 
definition,  the  term  ’‘electrically  small  antenna”  implies  dimensions 
in  the  order  of  1/10  of  a wavelength  or  less. 

Apart  from  the  need  for  compact  anoennas  in  tactical  communications, 
an  area  of  primary  interest  to  the  Communications/ADP  Laboratory,  a 
number  of  further  applications  in  Army  electronics  systems  is  seen 
for  small  antennas.  Examples  include  DF  systems  to  be  deployed  near 
front  lines,  remote  battlefield  sensors,  electronic  warfare  and 
camouflage  techniques,  and  munition  ccntrol  systems,  to  name  a faw. 

The  Navy  and  Air  Force  have  corresponding  requirements  for  small 
antennas  tnough,  naturally,  for  different  purposes  and  under  different 
constraints.  The  Armed  Service17  r.  -quirements  will  be  discussed  in 
some  detail  by  two  invited  speakers:  Master  Sgt  Donohue  of  the  Army 

Signal  School  will  present  the  Army  requirements , and  Dr.  Kvigne  of  NELC 
will  give  an  overview  on  Navy  problems  in  this  area. 
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As  every  antenna  engineer  I nows,  electrically  small  antennas  pose  a 
major  problem  in  regard  to  their  electrical  performance.  The  radiation 
resistance  of  those  antennas  decreases  rapidly  with  size  and 
tuning  and  matching  becomes  very  difficult  and  inefficient.  As  a 
consequence,  the  antenna  performance  deteriorates  and  performance 
parameters,  such  as  radiation  efficiency,  S/N-ratio,  and  bandwidth, 
tend  to  decrease  to  unacceptable  levels. 

Designing  compact  antennas  which  are  efficient  in  spite  of  their 
smallness  is  a very  difficult  task  which  requires  both  understanding 
of  their  capabilities  and  fundamental  limitations,  and  familiarity 
with  advanced  methods  for  enhancing  antenna  performance.  The  main 
purpose  of  the  Worksn  >»  is  to  provide  a forum  for  the  presentation  and 
discussion  of  papers  on  the  theory  and  practice  of  these  antennas. 

To  present  an  in-depth  exposition  of  the  fundamentals  of  small  antennas 
their  limitations  and  trade-offs,  v*c  have  invited  Dr.  Wheeler  who  has 
written  papers  on  this  subject  which  have  become  classics.  We  are 
grateful  to  Or.  Wheeler  for  having  accepted  our  invitation. 

Two  more  invited  papers  will  be  presented  this  morning.  Professor 
Walter  will  report  on  the  extensive  research  program  on  electrically 
small  antennas  under  way  at  Ohio  State  University  and  Professor 
Keinke  wi 11  present  results  of  his  pioneering  work  in  the  area  of 
active  antennas.  I would  like  to  express  our  thanks  to  Prof.  Walter, 
and  to  Prof.  Meinke,  who  has  come  all  the  way  from  Munich  to  partici- 
pate in  this  conference. 

The  first  session  on  passive  antennas,  this  afternoon,  will  be  con- 
cr'rnoa  primarily  with  techniques  for  improving  the  performance  of 
small  antennas  and  overcoming  - as  far  as  this  is  possible  - their 
limitations.  The  session  on  active  antenmis  tomorrow  afternoon  will, 
in  effect,  address  the  same  subject  though  by  a different  approach! 
the  use  of  active  devices  integrated  with  the  radiating  element  or  the 
tuning  retwc  ks  of  antennas.. 

Up  to  now,  active  antennas  have  not  been  widely  used  by  the  Army. 
However,  it  appears  that  they  have  the  potential  for  solving  a number 
of  problems,  in  particular,  in  the  area  of  electrically  small  antennas. 
An  example  is  the  bandwidth  problem.  Small  antennas  of  simple 
construction,  such  is  stubs  or  loops,  are  inherently  narrow  band 
devices.  This  may  bo  nn  advantage  for  certain  applications;  also, 
these  antennas,  of  course,  are  tunable  over  a broad  frequency  band 
by  using  conventional  variable  reactive  networks.  Rut  for  other 
applications,  antennas  with  a wide  Instantaneous  bandwidth  are  required 
Examples  include  antijamming  and  signal  camouflaging  methods  such 
as  spread  spectrum  techniques  and  fast  frequency  hopping  (FF1I) , 
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Ay  tho  recent  literature  and  papers  to  be  presented  at  this 
conference  show,  tho  use  of  active  tuning  networks  provides  a 
solution  to  this  problem,  not  "just  in  principle,  but  a practical 
solution. 

Because  of  this  and  similar  capabilities  of  active  antenna  techniques, 
this  Workshop  lias  been  seen  as  an  appropriate  occasion  to  discuss  these 
antennas  in  some  detail  and  assess  their  potential  for  Army  applica- 
tions. In  addition  to  the  Friday  afternoon  session  on  this  subject, 
models  of  active  antennas  will  also  be  demonstrated  and  further 
discussed  during  the  after  dinner  session  tonight. 

The  second  session  on  passive  antennas,  tomorrow  morning,  will  be 
concerned  with  proximity  effects,  i.e.,  with  small  antennas  radiating 
in  the  presence  of  t.hoir  platform  environment.'!.. 

In  one  respect,  electrically  small  antennas  are  easy  to  understand. 
Their  radiation  patterns  in  free  space  (or  when  operating  above  a 
large  plane  ground  screen)  are  those  of  an  electrical  dipole,  a magnetic 
dipole,  or  a combination  of  these  two  basic  radiators.  Unfortunatelv, 
Army  antennas  do  not  radiate  in  free  space,  but  are  usually  attached 
to  structures  like  helicopters,  tanks,  or  manpack  sots  carried  by 
soldiers.  Small  antennas  have  strong  near  fields  and,  therefore,  tend 
to  strongly  interact  with  their  platform  environments.  As  the  before 
mentioned  examples  show,  typical  Army  platforms  are  everything  else 
but  simple  in  structure  and,  hence,  proximity  effects  present  us  with 
another  com, lex  problem.  To  complicate  things  oven  further,  these 
platforms  usually  have  dimensions  in  the  order  of  a wavelength  some- 
where in  tiio  upper  UF  to  lower  VHP  regions.  But  on  the  other  hand, 
this  may  be  used  to  advantage  by  exciting  the  total  structure  to  radiate 
as  an  ar.tenna.  As  several  papers  of  this  session  show,  in  this  way  an 
efficient  radiating  system  can  be  obtained  with  radiation  patterns 
that  in  the  HF-range  are  predictable  and  in  the  VHF-rangc  even  become 
steerable. 

Tho  complicated  structure  of  typical  Army  platforms  entails  that  analy- 
tical studies  of  proximity  effects  have  to  rely  to  a largo  extent  on 
advanced  computer  modeling  techniques  such  as  those  described  or 
utilized  in  the  theoretical  papers  of  this  session.  As  an  introduction 
to  this  session,  Professor  Mittra  will,  give  an  overview  of  several 
existing  methods  and  a new  approach  that  may  serve  as  the  basis  for  tho 
development  of  versatile  and  accurate,  but  numerically  officiunt, 
computer  code;  , 

In  summary,  electrically  small  antennas  require  sophistication  in  their 
design.  Much  proqicss  has  been  made  in  recent  years  (ami  also  in  not 
so  rocent.  years)  i.n  the  conceptual  understanding  of  these  antennas  and 
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in  practical  methods  for  overcoming  their  limitations.  The  purpose 
of  the1  Workshop  is  to  discuss  the  theory  and  practical  design  of  these 
antennas,  their  fundamentals  and  enhancement  techniques,  in  particular 
in  view  of  possible  applications  to  tactical  Army  antennas  {though 
the  discussion  shall  not  be  limited  to  a specific  application),  I 
hope  that  we  will  have  an  interesting  conference  - the  quality  of  the 
papers  to  be  presented  makes  me  rather  confident  on  thin  point  - and 
that  this  meeting  will  be  professionally  rewarding  to  all  participating 
in  it. 
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ANTENNA  REQUIREMENTS  FOR  THE  MODERN  WARFARE  BATTLEFIELD 

Excerpts  from  Fiesonuation 
by 

Master  Sergeant  A.  Doi»>huu 
Directorate  of  Combat  Development 
U.S.  Army  Signal  School 
Fort  Gordon,  Georgia 


1 


w 


The  Army  is  now  largely  an  armor  ed-m-' chanized  force.  Ir.  order  to  max- 
imize coinbat  effectiveness  and  survivability,  Army  tankers  have  devel- 
oped new  doctrinal  concepts  on  "how  to  fight".  These  concepts  are  based 
on  maximum  use  of  protective  terrain  to  conceal  movement  and  firing 
position.  This  requires  low-profile  antennas  which  do  not  compromise 
the  position  of  the  tank.  The  Army  is  studying  a two  phase  approach 
to  reduce  the  size  of  tactical  VHF  antennas  in  order  to  reduce  the  vul- 
nerability of  its  combat  vehicles.  The  first  sucu  effort  involves  short- 
ening the  whip  length  of  the  present  vehicular  antenna,  AS-1729/VtC, 
to  half  its  present  length  of  10  feet.  This  low-risk  development  will 
result  in  the  fielding  of  a five  foot  whip  ancenna  late  in  1977.  This 
new  antenna  is  Leing  eagerly  awaited  by  field  commanders,  and  will  pro- 
vide a significant  increase  in  their  operational  capabilities.  However, 
a longer  term,  final  solution  for  VHF  vehicular  antennas  is  required 
by  the  Army.  It  is  envisioned  that  this  new  antenna  will  blend  with 
the  silhouette  of  the  vehicle  on  which  it  is  mounted  to  further  reduce 
the  visual  signature  of  the  vehicle.  Ways  to  reinforce  the  antenna 
to  provide  blast  and  fragmentation  damage  resistance  must  be  incorpo- 
rated into  the  design  efforts  for  such  an  antenna.  Several  designs 
are  being  considered  by  industry  and  the  Electronics  Command.  The  multi- 
turn loop,  vehicular  slot,  and  short  top-loaded  monopole  designs  have 
shown  great  promise  toward  meeting  the  Army's  goals. 

The  Army  is  also  vitally  interested  in  increasing  the  capability  of 
our  forces  that  employ  radios  in  the  high  frequency  range  from  3-30 
MHz.  Military  operations  over  extended  distances  and  during  wide-rang- 
ing independent  operations  necessitate  looking  at  ways  to  develop  more 
efficient,  yet  highly  mobile,  omni-directional  and  directional  high 
frequency  arrays. 

In  summary,  success  on  the  battlefield  will,  in  the  future,  rest  with 
the  combatant  with  the  greatest  mobility  and  wisest  tactics.  He  must 
move,  shoot  and  communicate  without  drawina  attention  and  enemy  fire 
on  his  position  because  of  large,  conspicuous  antenna  systems.  Devel- 
opment and  /..elding  of  electrically  small  antennas  for  use  by  our  euniLal 
forces  will  contribute  greatly  to  the  field  commander's  mission-winning 
on  tile  modern  battlefield. 

The  speaker  stressed  that  the  development  of  low-profile  antennas  should 
proceed  at  an  accelerated  pace,-  as  survivability  on  the  battlefield 
requires  it. 
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AN  OVERVIEW  OF  ELECTRICALLY  SMALL  ANTENNAS  MUHIN  THE  NAVY 
Marian  S.  Kvigne 

Naval  Electronics  Laboratory  Center 
San  Diego,  California 


ABSTRACT 

The  Navy  ship  antenna  environment,  the  past  and  present  HF  and  VHF 
investigations  concerning  small  antennas  will  be  discussed.  The  trends  of  the 
future  will  also  be  discussed. 

NAVY  ANTENNA  ENVIRONMENT 

The  ship  topside  environment  is  a major  factor  to  be  considered  when 
thinking  of  a Navy  antenna  system.  In  general,  the  area  available  for  antenna 
placement  is  small  and  the  number  of  antennas  reauired  is  large.  Any  antenna 
system  must  be  judged  on  the  basis  of  how  much  it  contributes  to  the  total 
ship  combat  effectiveness.  [1] 

At  present  most  Navy  HF  and  VHF  systems  require  omnidirectional  coverage 
with  the  ability  to  provide  a specified  grade  of  service  at  a specified 
maximum  range.  In  addition,  certain  subsets  of  the  electromagnetic  (EM) 
system  must  he  capable  of  s:multaneous  operation  and  the  operating  envelopes 
of  all  nonradiating  systems  must  be  respected. 

Decause  of  the  large  number  of  antennas  required  in  such  a small  space, 
many  special  constraints  and  considerations  are  involved  in  the  selection  of 
an  'ntenna  system.  In  the  high-antenna-density  environment  typical  of  most 
ships,  mutual  coupling  between  antennas  is  a potential  source  of  system 
degradation.'  Undesirab1e  effects  of  mutual  coupling  include  distortion  of 
radiation  patterns,  alteration  of  antenna  feedpoint  impedances,  and  the 
transfer  of  rf  energy  from  one  antenna  to  the  other.  In  addition,  coupling  to 
the  superstructure  (acting  as  a parasitic  element)  may  or  may  not  be 
desirable. 

Most  ships  require  the  simultaneous  operation  of,  several  HF  transmitters, 
each  with  a power  in  excess  of  1 KW.  This  dictates  concern  for  HERO  and 
RAQHAZ.  Since  receivers  must  also  operate  simultaneously,  they  must  be 
protected  with  a suitable  rf  distribution  system  and  the  whole  ship  topside 
environment  freed  of  unintentional  sources  jf  radiation  whose  frequency  might 
fall  directly  upon  the  receiver  center  frequency.  Ships  are  deployed  for  long 
pericds  of  time  with  little  chance  for  antenna  maintenance  or  adjustment. 

This  implies  a h-^ed  for  simple,  inexpensive,  easily  maintainable  antenna 
systems.  In  addition,  shipboard  salt  and  stack  gas  environments  are  highly 
co*  ’osive  to  antenna  systems. 

To  further  complicate  the  situation,  relative  system  priority  influences 
antenna  placement.  For  instance,  the  more  stringent  requirements  of  the  Navy 
Tactical  Data  System  Antennas  make  it  necessary  that  this  antenna  requirement 
be  satisfied  even  if  other  antennas  must  be  assigned  less  than  optimum 
locations. 
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A s can  be  seen,  Navy  ship  antenna  needs  are  mission-dependent  and  hence 
are  tailored  to  individual  ships.  Since  a ship  has  few  antenna  locations 
which  can  meet  all  of  the  requirements,  and  a highly  efficient  electrically 
small  antenna  has  not  been  developed  which  meets  all  of  the  EM  constraints, 
the  following  Navy  antenna  trends  have  evolved.  Most  systems  make  use  of  a 
few  broadband  antennas  with  multicouplers  to  satisfy  the  large  circuit 
requirements.  This  system  is  used  for  both  receiving  and  transmitting 
antennas  and  physical  separation  plus  the  filter  selectivity  is  used  to  obtain 
the  desired  isolation.  Fan  antennas  which  excite  the  ship  superstructure  are 
used  for  the  lower  HF  broadband  systems  and  "fat"  monopoles  for  the  higher  HF 
frequencies.  "Fat"  dipoles  are  generally  used  for  broadband  VHF  applications. 
For  single  circuit  applications,  whips  are  generally  used  in  both  bands.  [2 
through  8] 

Navy  aircraft  and  submarines  generally  do  no  employ  broadband  systems. 
Submarines  utilize  tuned  monopoles  and  aircraft  utilize  tuned  slots  or  wires. 

ANTENNA  INVESTIGATIONS 

In  an  attempt  to  find  better  broadband  antennas  and  suitable  electrically 
small  antenna  for  Navy/Marine  Corps  applications,  several  investigations  have 
been  undertaken  during  the  last  years.  Discussions  of  some  of  the  recent 
salient  investigations  are  presented  in  the  following  paragrpahs. 

Antenna  Research  Associates,  Inc.  Miniloop  Antenna  [9]  The  MLA-1  Miniloop 
antenna  system  employs  a tuned  one-turn  main  loop  coupled  to  an  untuned 
one-turn  feed  loop.  The  feed  loop  terminates  a 50  ohm  coaxial  transmission 
line  which  is  routed  up  the  inside  of  a hollow  supporting  mast.  The  center  of 
the  loop  proper  is  approximately  11  feet  above  the  supporting  platform.  The 
main  loop  has  a mean  radius  of  3 feet  and  a conductor  diameter  of  4 inches. 
Tuning  is  accomplished  by  remote  control  of  a variable  vacuum  capacitor 
located  at  the  top  of  the  loop.  The  tuning  range  is  1.8  to  14.5  MHz  for  the 
MLA-l/E  and  2.25  to  16.5  MHz  for  the  MLA-1  /D . The  only  difference  between  the 
two  models  is  the  value  of  the  tuning  capacitor. 

Positioning  of  the  miniloop  is  accomplished  by  rotating  it  about  its 
vertical  axis  either  manually  or  with  an  optional  remotely  controlled  rotator. 
In  a clear  location  it  has  a figure-8  azimuthal  pattern  in  the  horizontal 
olane. 

An  evaluation  was  conducted  on  this  antenna  and  it  was  found  to  have 
vibration  problems  and  have  some  potential  tuning  problems.  Scale  brass 
models  indicated  that  a ship's  superstructure  could  have  an  adverse  impact  on 
pattern  performance. 

Ohio  State  University  !IF  Multi  turn  loop  (MTL)  Antenna  [10]  In  an  attempt  to 
obtain  an  ul tra  small  HF  shipboard  antenna,  Ohio  State  University  proposed  to 
develop  a feasibility  model  of  an  antenna  with  the  following  characteristics: 


Tuning  range:  2 to  10  MHz 

Input  power: 

1 KW 

Efficiency  range:  1%  to  302 

Size  of  coil: 

12"  X 26"  X 26" 

l 

Bandwidth:  3 KHz  min.  (3  dB) 

Weight: 

50  lbs 

Impedance  over  tuning  range:  Adjustable 

to  exactly  50  ohms 

i 

i 

l 
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This  development  was  procured  and  the  antenna  evaluated  for  shipboard 
appl ication. 

The  evaluation  found  the  following:  Its  inherent  nature  is  that  of  a 

high  Q,  low  profile,  horizontal  magnetic  dipole  with  a significant 
horizontally  polarized  radiation  component  at  high  elevation  angles  and 
vertically  polarized  component  have  a cos  9 pattern  in  all  vertical  planes 
where  Q-  is  the  elevation  angle.  However  its  shipboard  applicability  could  be 
limited  by  low  efficiency,  tuning  and  matching  difficulties,  and  the  rapid 
deterioration  of  the  radiation  pattern  in  a "confused"  ship  topside 
environment  (its  coupling  is  directional  in  nature). 

Normal  Node  Helix  Antenna  [11]  To  overcome  the  difficulty  of  Ohio  State  MTL 
pattern  deterioration  in  a complex  shipboard  environment  and  some  of  its 
tuning  deficiences,  it  was  felt  that  a vertical  version  of  the  Ohio  State  MTL 
with  a different  tuning  configuration  held  promise.  Several  models  were 
constructed  and  evaluated.  Findings  indicated  similar  efficiency,  tuning, 
and  matching  limitations,  but  patterns  and  coupling  of  a short  vertical  dipole 
with  little  horizontally  polarized  radiation  at  the  high  elevation  angles. 

Broadband  VHF  Antenna  Development  H2]  it  has  become  apparent  over  the  past 
several  years  that  the  AS-2231  antenna  associated  with  the  shipboard  30-76  KHz 
AN/SRA-60  has  serious  deficiencies.  To  overcome  these  deficiencies  on 
electrical  feasibility  model  development  was  undertaken  to  produce  a 
replacement.  In  addition  to  the  shipboard  application,  it  was  hoped  the  new 
antenna  would  be  useful  for  Marine  Corps  fixed  and  mobile  applications. 

This  development  resulted  in  a "fat"  dipole  with  balun  for  ship  and  fixed 
command  post  deployment.  Each  dipole  element  consists  of  four  equispaced 
whips  approximately  5 1/2  feet  long  for  a total  length  of  12  feet  and  a weight 
of  50  lbs.  A monopole  version  consisting  of  three  equispaced  5 1/2  foot  whips 
for  vehicular  use  was  ulso  designed.  The  dipole  version  is  currently 
undergoing  field  testing. 

Low  Profile  Antenna  for  the  AN/PRC-25,77  [13,  14,  15]  Ohio  State  University 
proposed  to  utilize  their  MTL  antenna  on  the  AN/PRC -26,  77  to  replace  the  3 
foot  AT-982  whip,  thereby  reducing  the  profile  of  the  radiomen  and  hopefully 
his  casualty  rate  in  combat.  The  proposed  development  was  procured  and 
resulted  in  a 6"  packaged  MLT  antenna  add-on  to  the  battery  case  of  the  25  or 
77.  The  unit  has  fully  automatic  tuning,  which  responds  to  changes  in  the 
local  environment.  This  unit  has  not  been  evaluated  yet,  but  preliminary 
results  indicate  slightly  reduced  efficiency  and  a slightly  directional 
pattern  characteristic. 

AN/PRC-104  Antenna  Study  [16]  An  investigation  was  undertaken  to  see  if  it 
was  possible  to  improve  the  performance  of  the  AN/PRC-104  radio  set  by 
utilizing  a different  antenna  with  the  existing  tuner.  The  AN/PRC-104  is  a 
manpackable,  2 to  30  MHz,  20  watt  transceiver  with  an  8 foot  whip  designed  and 
produced  by  Hughes  Aircraft  Company.  Antennas  studied  were  the  8 foot  whip,  8 
foot  sleeve  monopole,  8 foot  centerfed  dipole,  a Southcom  International,  Inc. 
centerloaded  antenna,  a 10  foot  whip,  and  an  Ohio  State  Multiturn  loop.  The 
effects  of  skin  contact  on  the  packset,  absorption  by  the  body,  and  lossy 
ground  were  studied.  The  impedance  of  the  antenna  system  on  a radioman  was 
determined  for  each  of  the  above  situations.  Findings  indicate  the  tuner  of 
the  AN/PRC-104  is  designed  for  an  8 foot  whip  in  a manpack  configuration  and 
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as  such  does  lend  itself  to  other  antennas.  Best  performance  appears  to 
result  if  the  body  is  shielded  with  conductor  and  an  8 foot  whip  is  utilized. 
Next  followed  the  8 foot  whip  without  the  body  conductor  and  then  all  other 
antennas  tested  providing  ecual  or  poorer  performance. 

Multielement  Element  Investigations  Antenna  diversity  has  been  investigated 
and  utilized  as  a means  of  overcoming  HP  fading  associated  with  skywave 
channels.  In  addition,  multiple  omnidirectional  antennas  suffering 
superstructure  blockage  have  been  fed  in  phase  in  an  attempt  to  overcome  the 
blockage.  Adaptive  antennas  have  been  investigated  as  a means  of  overcoming 
ship  blockage  to  HF  antennas.  These  studies  have  been  conducted  only  on  scale 
brass  models.  Full  scale  field  tests  have  been  conducted  at  VHF  frequencies 
for  sensor  applications  [17 J. 

Miscellaneous  Investigations  In  addition  to  surface  ship  and  Marine  Corps 
antennas,  work  has  occurred  concerning  antennas  for  other  platforms.  The 
dogleg  antenna  was  developed  for  the  P-3  and  the  efficiency  and' impedance  of 
most  submarine  HF  antennas  was  measured  [18].  Active  antenna  efforts  have 
been  minimal  at  NELC  due  to  concern  for  non  linear  emissions  and  interactions. 

TUNING,  MATCHING,  AND  DECOUPLING 

Each  of  the  above  antenna  systems  has  an  associated  tuning  or  matcning 
network  which  has  been  developed  or  investigated.  Because  there  are  so  many 
antenna  systems  on  board  a ship,  coupling  between  them  is  of  prime  concern. 
Filters  and  multicouplers  (AN/SRA-16,  34,  49,  56,  57,  58,  60,  etc.)  have  been 
developed  for  use  with  broadband  antennas  to  aid  in  achieving  the  desired 
isolation.  Further  developments  have  been  undertaken  to  enhance  existing 
capabilities  and  solve  unknown  problems  during  recent  years.  Some  of  the 
salient  efforts  are  summarize'.'  in  the  following  paragraphs. 

NRL  Base  Tuner  An  HF  base  tuner  is  under  development  at  NRL  which 
'incorporates  a tuned  circuit  to  provide  increased  rejection  and  improved 
ability  to  tune  in  the  presence  of  other  tuners  and  transmitters.  This  tuner 
is  an  alternative  to  the  AN/URA-38  and  is  capable  cf  tuning  a vertical  35  foot 
whip  over  a 2-30  MHz  range  with  a minimum  efficiency  of  40%.  An  automatic 
digital  control  mechanism  is  used  for  tuning  and  the  whole  system  is  still 
under  development. 

NHL  Small  Ship  RF  Distribution  System  (SSDS)  A transmit  multicoupler 
tailored  specifically  for  small  ships  is  currently  under  development  at  NRL. 
The  mul ti coupler  is  a unified  five  channel  package  which  divides  the  HF  band 
into  two  ranges,  2-8  and  8-30  MHz.  Two  antennas  are  required,  one  for  each 
range  with  a 4:1  or  better  VSWR.  The  two  antennas  are  connected  directly  to 
the  combined  mul ticoupler  unit.  The  five  input  channels  of  the  multicoupler 
are  configured  so  that  transmitters  connected  ot  four  of  the  channels  may  be 
operated  in  either  the  2-8  or  8-30  MHz  range  as  desired,  with  each  output 
combined  and  connected  to  the  appropriate  antenna.  The  fifth  channel  is 
operable  only  in  the  2-8  MHz  range.  All  five  transmitters  may  therefore  be 
operated  in  any  combination  from  all  five  in  the  2-8  Mh.z  band  to  one  in  the 
2-8  MHz  and  four  in  the  8-30  MHz  bands. 

8 Fhannifi  AN/ SR  -60  [19]  The  existing  shipboard  30-75  MHz  multicoupler 
AN/SRA-’bO.'is  a four  channel  device.  An  investigation  was  undertaken  to 
determine  i T it  would  be  possible  to  increase  the  capacity  to  eight  channels 
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and  thereby  reduce  the  required  antennas  by  a factor  of  two.  Findings 
indicated  it  would  be  possible  with  repackaging  to  make  an  B channel 
AN/SRA-60  with  insertion  loss  similar  to  that  obtained  in  the  four  channel 
mode  but  with  adjacent  channel  frequency  spacing  increased  to  31. 


10  Channel  VHP  Multicoupler  for  the  Marine  Corps  [20]  In  order  to  alleviate  * 
the  collocation  problems  associated  with  the  amphibious  command  tractor, 

LVTC-7,  and  fixed  coiwnand  posts,  a development  was  undertaken  to  determine  if  ' 
a multicoupler  was  a feasible  solution  to  some  of  the  problems.  Since  the 
AN/SRA-60  is  too  large  and  cumbersome  for  this  application,  a totally  new 
concept  was  pursued.  As  a result,  a manually  tuned,  10  channel  electrical 
feasibility  model  was  constructed  which  is  capable  of  3%  adjacent  channel 
frequency  separation  and  less  than  2 dB  insertion  loss  when  used  with  a 2:1 
VSIn'R  antenna  in  the  30-76  MHz  band.  It  is  capable  of  70  watts  per  channel 
and  is  currently  undergoing  limited  field  tests. 

Marine  Corps  Tacf’cal  Communications  Inline  Filter  (30-76  MHz)  [21]  As  an 
adjunct  to  the  10  channel  VHF  multicoupler  an  inline  filter  was  designed, 
constructed,  and  tested  in  a limited  manner.  The  device  is  fully  automatic, 
capable  of  automatic  tune  upon  application  of  transmitter  power  or  operator' 
indicating  the  desired  receive  frequency.  The  filter  is  intended  to 
alleviate  the  receiver  overload  and  transmitter  intermodulation  problems 
associated  with  the  RT-524  transceiver  which  cause  degraded  VHF 
communications. 

Combination  Antenna  Receive  Transmit  System  (CARTS)  [22]  In  order  to  reduce 
the  number  of  antennas  to  a minimum  and  capitalize  on  the  prime  shipboard 
antenna  locations  available,  o coupler  isolator  (CU-2113  ( XG-1 ) /SRC ) has  been 
developed  which  uses  a ship's  transmitting  antenna  to  be  used  simultaneously 
and  independent  or  the  transmit  function  for  receiving  over  the  VLF,  LF,  MF, 
and  HF  frequency  bands. 


The  coupler-isolator  is  designed  for  installation  in  the  transmission 
line  between  the  ship's  2-6  MHz  transmitting  multicoupler  (near  multicoupler 
output)  and  the  broadband  2-6  Wz  antenna.  There  are  two  decoupled  receiving 
outputs  on  the  CU-2113.  One  is  used  for  receiving  in  the  HF  range,  2-30  MHz; 
the  other  for  receiving  at  VLF-LF-MF  frequencies  10  KHz  to  2 MHz.  Connection 
of  the  CARTS  decoupled  (receive)  outputs  to  the  receivers  used  should  be  made 
through  a receive  multicoupler.  The  multicoupler  will  give  protection  to 
receivers  and  provide  the  multiple  receive  channels  needed. 

Antenna  Location  Techniques  In  addition  to  those  hardware  techniques 
described  above,  antenna  location  and  configuration  are  utilized  to  provide  a 
suitable  antenna  to  antenna  decoupling  and  the  desired  impedance  match. 

Scale  brass  modeling  and  computer  simulation  are  two  technologies  which  are 
used  extensively  to  aid  in  the  determination  of  antenna  locations  and 
configurations. 

DIRECTIVE  AND  BROADBAND  ANTENNAS 


As  indicated  above,  the  Navy  relies  extensively  on  broadband  antennas 
and  their  state  of  development  is  quite  advanced.  However,  most  are 
omnidirectional  and  tailored  to  individual  ships  and  in  general  are  not 
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electrically  small.  The  Loy  Periodic  antenna  has  been  investigated  for 
directional  broadband  applications  for  ship  and  shore.  Navy  ship  and 
aircraft  antenna  system?  are  currently  being  investigated  to  determine  their 
impact  on  frequency  hopped  communication  systems. 

COMPUTER  MODELING 

Computer  modeling  is  utilized  extensively  in  the  analysis  and  design  of  Navy 
HF  and  VHF  antennas.  The  MU  Associate's  code,  colled  AMP,  is  the  preferred 
code.  This  code  or  other  method  of  moments  codes  hc.e  been  utilized  to 
investigate  antenna  near  fields,  the  minilccp  antenna,  the  multitune  loops, 
the  HF  broadband  antenna,  HF  manpack  antennas,  and  shore  station  antennas. 

AMP  was  used  to  determine  the  near  fields  of  the  HF  antennas  of  the  Patrol 
Hydrofoil  Missile  Ship  (PHM)  and  recently  the  complete  integrated  antenna 
system,  including  the  complex  superstructure  was  computer  modeled  to  provide 
a new  ship  preliminary  design  antenna  configuration.  [23,  24] 

Computer  modeling  appears  to  be  applicable  where  a basic  knowledge  of 
antenna  impedance,  patterns,  near  fields,  and  coupling,  including  the  effects 
of  a complex  environment  are  needed  in  a relatively  short  time.  It  does  not 
appear  to  be  cost  effective  where  large  amounts  of  data  are  required  and  the 
time  schedule  is  less  stringent,  as  other  techniques  are  more  advantageous. 

TUTURE  TRENDS 

Future  tre^do  appear  to  be  along  the  line  of  reducing  the  size  of 
existing  systems  without  sacrificing  efficiency,  isolation,  or  bandpass 
characteristics.  New  systems  must  be  able  to  function  in  the  environment  and 
contribute  to  the  overall  platform  effectiveness,  be  inexpensive  and  easily 
maintainable,  and  preferably  be  simple.  It  should  be  noted  that  findings 
concerning  all  three  of  the  small  individual  HF  antennas  discussed  above 
found  that  each  had  less  than  a 2-30  MHz  tuning  range  and  potential  tuning 
problems.  These  limitations  are  perhaps  more  detrimental  then  the  low 
efficiency. 

Specifically,  there  appears  to  be  a need  for  broadband  receive  antennas 
for  the  2 tc  30  MHz,  30  tu  300  MHz,  and  other  selected  bands.  These  must  be 
small,  able  withstand  the  ship  environment  and  be  tailored  to  fit  in  it,  and 
meet  the  electrical  specification  of  the  environment  and  the  particular- 
system.  As  always,  it  would  be  nice  if  these  antennas  were  highly  efficient, 
had  almost  zero  volume  and  size,  were  extremely  broadband,  and  had  an 
omnidirectional  pattern  with  some  gain.  Realistically,  these  are  desires  and 
the  deployed  antenna  will  be  a compromise  of  the  necessary  parameters. 
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Small  Antennas 
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Abitruct  -A  smalt  gittcmta  is  mre  .Rise  size  if  g small  fraction  of  the 
nau'teiigih,  It  Is  a capacitor  or  inductor,  and  it  is  tuned  to  resonance  by  a 
reactor  of  opposite  kind.  Its  oandaidth  of  impedance  matching  is  subject 
to  a fundamental  limitation  measured  by  its  '’radiation  power  factor" 
which  is  proportional  to  its  “tlfccthe  volume”,  These  principles  arc 
retimed  in  the  lipot  of  a quarter  century  of  experience.  They  are  related 
to  various  practical  confipdratioas,  inctuding  Hash  radiators  for  mounting 
m aircraft.  Among  the  examples,  one  extreme  is  a small  uue-tuni  loop 
if  wide  strip,  tuned  by  an  integral  capacitor.  Tile  opposite  extreme  is  the 
hugest  antenna  in  the  world,  which  is  a “small  antenna”  in  terms  of  its 
operating  wavciength.  Ill  each  of  these  extremes,  the  radiation  >«wer 
feeler  is  much  less  than  ate  percent. 

1.  Introduction 

A “SMALL  ANTENNA”  is  here  defined  as  one  occupy- 
ing a smell  fraction  of  one  rad'ansphcrc  in  space. 
Typically  its  greatest  dimension  is  less  than  i wavciength 
(including  any  image  in  a ground  plane).  Some  of  its 
properties  and  available  performance  are  limited  by  its 
size  and  the  laws  of  nature.  An  appreciation  of  these  limita- 
tions has  proved  helpful  in  arriving  at  practical  designs. 

The  radtansphere  is  the  spherical  volume  having  a radius 
of  1 lln  wavelength  [10].  It  is  a logical  reference  here  because, 
around  a small  antenna,  it  is  the  spaa-  occupied  mainly 
by  the  stored  energy  of  its  electric  or  magnetic  field. 

Some  limitations  are  peculiar  to  a passive  network, 
where  the  concepts  or  efficiency,  impedance  matching  and 
frequency  btmdwidl  li  arc  essential  and  may  be  the  controlling 
factors  in  performance  evaluation.  This  iiisettssion  is 
directed  mainly  to  these  limitations  in  relation  So  small  si/e 
I his  subject  has  been  on  the  n'cord  for  a quartcr-e-rorer-v 
hut  is  st, II  loo  little  taught  and  appreciated.  It  ccntcis 
around  the  term,  “radiation  power  fartor”  and  its  pt,~ 
poilioitalily  to  volume  12] 

A . in  any  area  of  engineering  compromise,  (here  have 
‘•Hen  some  ingenious  dcvelopmenls  fm  realizing  some 
ijualilns  at  ilie  expense  of  otliers  A valid  comparison  of 
ahetuaitves  nx|jnes  e.ocful  description  and  evaluation  in 
tciiiis  of  well  defined  quaiditics,  opeyially  in  the  Use  of 
ieinix  Midi  as  cflmcncy  and  impedance  mutelliog.  Also  in 
the  si/e  comparison  of  ciicuits  qualified  for  high  power  or 
low  powei  1 1 1 1 

Ah  • ul  II  in  of  sonic  o!  I he  relevant  principles  will  he 
followed  I s a linef  iclceiice  to  tile  background  in  the  use 
oi  ;.n  amplifier  with  a small  antenna  foi  reception.  Him  the 
IMMicipai  topic  will  ire  Hiiiodnced  in  un.is  ol  the  Ismu 
width  limitations  ul  itnpnhmcv  muivouig  wi'lt  tcxominl 
vimtii  wU'ilt  r.  a iiiiinl  aittvnn.,  vitcuit  in  litis  divussuni. 

M-mitst  nfi  iftm.J  lift.*  **)  l'*M  l hf.  ivipri  u;iv  jnfscmcil  :it  |hc 
IwfliH  liui.l  Aiiruul  l SAt  Syiitjutsiiifii,  f 1 **71. 
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TOPIC 

fcMPU*  «CAT  ION 

Pfliiivt. 

lINl^K  network 

ACTIVE 

ESiENTlAL 

IMPEOANCE  MATCHtNC 

OPT  tONH 

NO 

TOLERANCt  OF  tOSSfS 

fJS 

THERMAL 

WO'SF 

AMPLlFlf  d 

NO 

POWER  UUITiNO 

vts 

The  radiation  power  factor  will  be  reviewed  in  concept 
and  in  some  applications  to  typical  antennas  in  the  form  of 
cupacitoix  and  inductors.  Some  special  applications  will  be 
described  for  flush  mounting  and  for  VI  E transmission 
and  reception.  In  every  ease,  the  efficiency  and/or  band- 
width is  seen  to  be  limited  ultimately  by  si/e 

11.  l’KiNtmrs 

Table  1 shows  a comparisoi  between  efficiency  and 
amplification,  referung  to  some  topics  relevant  to  small 
antennas.  I»„  purpose  is  to  emphasize  the  distinction  between 
efficiency  and  amplification,  tire  forma  being  the  basis 
for  this  presentation.  1 Ire  relations  in  this  table  may  help 
to  bring  oul  the  accepted  meanings  of  various  terms. 

LUicieney  implies  the  utilization  of  the  amount  of  uidiaicd 
signal  power  I hut  can  be  intercepted  hv  the  receiver.  If  the 
antenna  is  small,  tire  greatest  power  transfer  to  a circuit 
requires  imiredanec  matching.  Ibis  is  achieved  in  a passive 
network  by  tuning  the  antenna  and  coupling  to  the  circuit. 

Amplification  implies  , he  jiiliz  itinn  ol  the  intercepted 
signal,  but  the  excitation  of  the  amplifier  may  not  require 
imjredaree  niatehmi;  iii  the  active  network.  I his  may 
facilitate  a wideband  design,  as  in  one  example  to  Ire  shown. 
However,  the  amplifier  tnav  add  much  to  the  Ihtumal  noise 
generated  in  the  antenna  dissipation. 

In  a linear  irelwotk.  efficiency  is  associated  with  a passive 
network,  wink  amplification  is  associated  with  an  active 
md'.vnih.  in  a weak-signal  receiver,  Imcatiiv  is  iml  a piim.iiy 
problem.  In  a power  Iransinitler.  howevet.  an  active  net- 
work imposes  .m  upper  limit. 

In  genet id,  ettieienev  is  milked  by  tosses.  Hits  is  pin 
tieulaity  Hue  tn  small  antenna  when*  the  ladiation  jiowei 
lactoi  is  small  and  may  Ire  lat  exccaltul  b»  the  Inc.  pnwct 
factor,  'n  n weak-sigiinl  leieivei,  on  ampblicr  can  male  up 
tel  losses  in  lespecl  to  siyml  suengtli,  (nil  ' Mil , willi  in 
tirasmg  hadgionml  ot  Iheiiua!  muse  Iii  u pnwei  lians- 
•llitni,  the  powci  rating  iiiuct  be  meii.r.ei  to  cover  losses. 
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ANTENNA  (HO  PE  ACT  10  H ON  TUNING) 


COUPLING  TUBE  HUGO 
1 1 CiltCuir 


pure  reactance 

(NO  NOISE) 


1 1 l — I I 1 

CURRENT  AMPLIFIER  ANOUNO 
~ (THERMAL  NOISE)  1 MH* 

Fi|(.  1 . Small  antenna  wiih  wideband  coupling  lube,  used  in  broadcast 
receivers  (1928). 
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Fig.  2.  Radiation  power  factor  of  small  antenna. 
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These  relations  are  emphasized  because  there  have  been 
some  invalid  ratings  of  small  antennas  associated  with  active 
devices  serving  as  amplifiers.  The  greatest  confusion  has 
been  associated  with  transmitters,  by  ignoring  the  power 
limitations  imposed  by  small  active  devices.  These  limitations 
are  not  avoided  by  any  particular  relation  between  the  small 
antenna  and  the  amplifier. 

111.  Background 

The  wideband  utilization  of  a small  antenna  was  accom- 
plished in  a receiver  about  a half-century  ago.  That  history 
is  relevant  to  the  more  recent  proposals  using  an  amplifier 
in  conjunction  with  a small  antenna  [11]. 

Fig.  1 shows  a circuit  that  was  commonly  used  in  radio 
broadcast  receivers  about  1928.  It  operated  over  a frequency 
ratio  of  1 :3.  A short  wire  is  simply  connected  to  the  grid  of 
the  first  tube.  It  bears  a striking  resemblance  to  some  recent 
proposals,  but  using  a tube  instead  of  a transistor,  and  at 
lower  frequencies.  It  substituted  amplification  for  antenna 
tuning.  It  increased  the  noise  threshold  and  also  sutfered 
from  crossmodulation  of  all  signals  by  any  one  strong  signal. 
Then  the  pendulum  swung  and  it  was  superseded  by  double 
tuning  ahead  oT  the  first  tube.  The  tuning  yielded  efficiency 
over  noise  and  also  preselection  against  crossmodulalion. 

IV.  i'r.iajiiHNCY  Bandwidth  ok  Impujanck.  Ma  ruing 

There  are  liinita.ions  on  the  frequency  bandwidth  of 
impedance  matching  Lc'wceii  a resonant  circuit  (antenna) 
and  a generator  or  load  A quarter-century  has  cliqisnl 
since  these  limitations  were  Icvcioncd  and  clearly  stated 
[5],  In  contiast  to  the  hisa.ry  of  small  antennas,  these 
limitations  have  been  widely  (aught  and  appreciated. 

The  bandwidth  of  matching,  within  any  specified  tolerance 
of  reflection,  is  proportional  to  the  resonance  bandwidth  of 
the  resonant  circuit.  A snail  bandwidth  is  logically  ex- 
pressed in  terms  of  the  power  fiictor  of  its  reactance,  in  Ihe 
ir.unucr  taught  to  the  writer  by  Prof.  Hardline  just  50  years 
ago  1 1].  Us  common  expression  in  terms  of  ! jQ  is  neither 
logical  nor  helpful  in  clear  exposition.  The  term  dissipation 
factor  is  numerically  equal  to  power  factor  hut  is  countei- 
dewriptive  ot  a useful  load  (as  here). 

Fig  2 ..hows  the  circuit  properties  of  a small  antenna, 
describing  its  radiation  power  factor  (PI  j.  The  antenna 
may  behave  as  a capacitor  (<')  or  inductor  (i.),  and  cither 
is  to  tic  resonated  by  a reactor  of  the  opposite  kind.  Dis- 
sipation '(other  than  radial ion)  is  here  ignored,  because  it  is 
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Fig.  3.  Bandwidth  ot  matching  with  lur.ed  circuits. 


treated  in  the  earlier  paper  [2],  The  nominal  bandwidth 
of  the  resonator  is  the  PF  (p)  times  the  frequency  of  reson- 
ance, as  usual. 

Fig.  3 is  the  bandwidth  of  matching  within  any  specified 
tolerance  of  reflection  (p)  as  given  in  1948  by  Fano  [5].  It  is 
graphed  in  the  terms  of  the  present  discussion.  I'or  each 
graph,  the  number  of  tuned  circuits  includes  the  antenna 
circuit  and  any  that  arc  added  for  increasing  the  bandwidth 
of  matching.  The  added  circuits  arc  taken  to  be  free  of 
dissipation.  Usually  double  tuning  is  used,  in  which  case 
the  added  circuit  can  reduce  the  reflection  coefficient  to  the 
square  i.f  its  value  for  single  tuning. 

V.  Tin:  Radiation  Powi-jt  Factok 

The  term  "radiation  power  factor”  is  e natural  one  in- 
troduced by  the  author  in  1917  [2].  It  is  descriptive  of  the 
radiation  of  real  power  from  a small  antenna  taking  a much 
larger  value  of  reactive  power.  It  is  applicable  alike  to  either 
kind  of  reactor  and  its  value  is  limited  by  some  measure  of 
the  size  in  cither  kind. 

Fig.  4 shows  small  antennas  ,.f  noth  kinds  (C  and  I.) 
occupying  cqunl  cylindrical  spaces  [2|.  They  arc  here  used 
lot  introducing  the  relation  between  radiation  PF  and  size. 

A small  antenna  of  cither  kind  is  basically  a reactor  with 
sonic  small  value  of  PF  associated  with  useful  radiation. 
The  latter  depends  primarily  on  its  size  relative  to  the  wave 
length  (A),  as  discovered  by  the  writer  [2J.  The  si/c  may  be 
stated  relative  to  the  radinnlength  (<1/2je)  in  terms  of  either 
of  two  values  of  reference  volume: 
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radiuusphere  I,  • ***  ^ .|  ^ 

The  former  was  used  in  the  wi  iter's  first  papri . '1  lie  httei  is 
particularly  significant  in  radiation  because  if  defines  (he 
space  ill  which  the  reactive  powci  density  exceeds  the 
radiation  power  density  1 10|.  Also  the  latter  is  convenient 
if  the  antenna  is  sphciical  |‘>]  hi  its  cIVcctive  • ulume  is 
expressed  as  a spheie. 

In  either  type  of  antenna,  the  radiation  PI'  is  found  to 
be  proportional  to  volume  and  also  lo  a shape  factor.  I he 
cylindrical  volume  (T  — ,4  h)  is  Ik'ic  inuiliplied  liy  a shape 
factor  ( k , or  A/,  > I)  lo  give  the  cITcclivc  volume  ( I " 
k,Ah  or  khAh).  Then  the  general  foniiula  is 

rad  I’T  g - '•  * - * 1 . (J) 

fur  I . •)  I , 

The  cllectivc  volume  may  lie  stated  as  a sphere  of  radius 
(o'),  in  which  ease 

w 4ft  2 (2nu'Y  , ).  /y  \'i' 

3 ' • V l ).  ) ’ U ” 2«  (2  P)  ’ ’ 

ll  is  noted  in  passing  that  a eeitain  shape  of  self-resonant 
cod  radiates  equally  as  both  C and  /.,  in  which  case  the 
total  radiation  PI  is  double  either  one  [ 3], 

There  is  one  theoretical  case  of  a small  coil  which  has 
the  greatest  radiation  Pi  obtainable  within  a spherical 
volume,  l ig.  5 slums  such  a coil  and  its  idalion  In  the 
radiansphcrc  If)  |0|,  1 10|.  the  eHeelive  volume  of  an 
empty  spherical  coil  h;*s  a shape  lavtoi  3/2.  1 filing  with  a 
perfect  magnetic  cine  ,A„  ■«  ) multiplies  the  elkrliu* 

volume  bv  I 

. 2 (3)f:v2)l 

y 

I his  is  imlicaleil  by  the  -.haded  sphere  Co) 

1 his  tdrali/rd  eaw  depicts  I hr  physical  meaning,  of  the 
radiation  1*1  that  eanmu  be  exceeded.  Outside  the  sphere 
occupied  by  tin*  antenna,  there  is  stored  energy  or  reactive 
powci  that  conceptually  tills  the  ladianspherc  | Hlj,  hut 
theie  is  none  inside  llte  antenna  sphere.  The  icaelive  power 
density,  which  is  dominant  in  the  radiation  within  the  radian- 


x 1 4 e/s.,  v,  > ♦ v, 

I i|i  s.  Npheriv.il  ..'il  w-ilh  magnciu.  eoie. 

sphere,  is  related  to  the  real  power  density,  whieh  is  domin- 
aul  in  the  radiation  out . Me, 

In  a ligoroos  desctiptkut  of  the  electromagnetic  Held 
from  a small  dipole  of  either  kind,  the  radiation  of  power 
in  the  far-lickl  is  accompanied  by  stored  energy  which  is 
mostly  (mailed  in  the  near-field  (within  the  radiansphero) 
1 4 1.  1 10],  The  small  spherieai  inductor  in  Tig  5 is  con- 
ceptually lilted  with  pci  feet  magnetic  imtcrid,  so  there  is 
no  stored  energy  inside  the  sphere.  This  removes  the 
"avoidable”  stored  energy,  leaving  only  the  "uuavoidabl-" 
amount  outside  the  inductor  hut  mostly  inside  the  radian- 
splieie.  This  unavoidable  stored  cneigy  is  what  imposes  a 
fundamental  limitation  on  the  obtainable  radiation  I’T. 

One  of  the  fallacies  in  smne  studies  has  been  the  provision 
of  dielectric  ot  magnetic  niatcual  outside  of  the  space 
occupied  by  the  antenna  conductin'.,  without  including  that 
rna  crial  in  rating  tile  sire  of  the  antenna.  T he  fundamental 
limitations  aic  based  on  the  si/e  of  all  the  material  structure 
which  tonus  the  antenna.  Likewise,  such  material  would 
naturally  be  included  in  a practical  evaluation  of  the  size 
Tig.  5.  shows  the  empty  space  outside  the  antenna  hut 
inside  the  radiansphcrc  O')  whieh  space  is  tilled  with  stored 
cneigy  and  therefore  reduces  the  radiation  I’T  of  the  unicniri. 

VI  Art'll!  A I tills'  10  1'vihai  Aniinnas 

The  radiation  I’l  may  he  evaluated  for  any  kind  of  small 
antenna.  I rotn  its  value,  we  may  state  the  cllectivc  volume 
of  the  antenna,  as  humiliated  (4): 


P"  Unp\ ,.  1 />  l „ a 


2 n 


I Ills  is  a useful  quantity  which  can  Ik*  shown  on  a .space 
thawing.  1i  gives  a direct  comparison  of  the  bandwidth 
capability  of  dilfeivui  stniciinec  li  vviH  hi*  shown  fur  fund 
L antennas  of  elementary  ronltguratkm*.  it  will  be  drawn 
as  a dashed  circle  the  si/e  of  the  spherical  effective  volume. 

iig.  (1  slums  smite  exaiiiph's  of  an  electric  dipole  with 
a lineal  axis  of  symmetry.  A thin  wuc  (til  :.tnl  a thici  conical 
conductor  (h)  ditfei  prc.itlv  in  the  occupied  volume,  hut 
nnieh  less  in  dledive  volume.  I he  tattri  is  influenced  most 
bv  length  ami  less  by  the  smaller  tntnsvctsc  dimensions. 
Tig.  fife)  shows  a paii  of  separated  discs  |3],  which  is 
found  to  approach  the  gteatesf  dfcctive  volume  lor  some 
shapes  withhi  limited  length  ami  dinmctcr.  However,  any 
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iiUen ncdiatc  conrttfini'  wim*.  would  dvlraei  fioin  tins 
rating.  The  full  value  t*l  « lnr  ladutnm  IM  can  he  icali/ed 
by  I Ik*  Use  ot  a luiiinj*  inductor  dMiihulcd  ahmp,  the  ixial 
line  between  the  di-as.  Il  is  propoitioned  loeoiihnm  in  I lie 
mil  ui  a I pal. cm  <4  el*  .t«k  potential,  thereby  eoiitiihMiny  no 
cxtia  amnuni  m the  doled  clcciuc  cncigy.  A cni)  of  small 
diumcUi  may  be  uvd  to  avokl  cxli.i  (cr»».ss.polari/ed) 
ladiatinii  lltcicliotu.  I he  spheti*  a I ell'ictnc  volume  may 
cMc*.*l  beymul  the  letiulh  Ixtwecn  the  *n*t  %.  as  shown.  I his 
oecilts  1/  the  dise  diameter  exceeds  \ the  tenet h l\/  > h'4l. 
as  pi  he  example  .shown,  this  may  be  inicipictcd  as  a 
Msplieu.  o|  mil i mice**  cMciuliny  heyenil  the  antenna 
struetine 

In  ttirlhci  leleretico  to  l ip.,  fticl.  Iheie  is  a paii  of  er*| 
electmdes  which  will  j:iu-  Ilie  fit.iicM  i.uh.m«Mi  |’|  Wiliin 
a « \ Illicit ti“il  boundary.  Ai  •*:nh  **iul,  a hollow  cup  is 
ronnciud  with  Ms  open  end  i.*wanl  the  center  Its  depth  is 
pioportioiual  (o  niaxntu/’  the  i.idin!:**::  * «s'«»  I’lealcr 

value  « an  K obtained  Sv  simple  coiidticlois  oibjret  to  tin* 
stated  const  taints. 

l iu.  1 Innvs  some  examples  ot  a l*n,p  iiutueior  on  a 
Mpi.ne  li.nmvA  Ihm  wne  (a)  and  wide  sliip  do  dtllcr 
lather  little  ii.  ellectne  volume,  ! Krause  it  is  inline  need 
most  by  the  si/e  of  the  sipiaie.  A imilliluin  loop  (e)  has 
neailv  the  same  ellccMvc  volume  as  one  I'nii  orcupvill]'.  the 
Millie  space.  Hits  is  one  of  the  piimipnl  conclusion*,  pie- 
sented  in  ilie  wnU*«\  Inst  paper  |?|  It  superseded  soiu 
1IK'»:li;  I *e  evaluations  ba%e«l  ini  lie  mucepl  of  “i lies' io* 
hen  • » *il  .1  imiMx-i  o|  nun-.,  uicspritivc  ol  then  width 
■|ii*l  \p.n  in;*. 

Keleunn*  aj*a:n  I • • I ijb  4.  the  Jiape  l.uloi:,  aie  iclab-d 
*«»  the  shapt  m opposite  way  . in  ilie  iwo  kinds  {<'  ami  / ) 


t«M  HhMnvi*. 
*AU.  W ttIJT 

1 1 avi  s omiw 
m ULS 
m bNftriNA 


- * 0 t .)» 

<i»  Vt'inMI. 

AHUM  *>Nr 

WOlAhSPHtHl 


t ip..  V |t,i*1i:iti,««  Simla  lm  use  in  imaMitniK  radi.itHHi  povre.  taclor 


With  greater  ratio  of  len jith.dia unit- r (hf2a).  one  factor  (A^ 
for  (.*)  is  ptealef  and  the  other  (A*  for  /.)  is  sinallei.  There - 
loic  the  uuh/attoti  of  volume  is  cater  ini  the  ( type  made 
.it  a toil]*  wire  oi  ld«  the  I.  type  made  of  a “short  coil"  oi 
loop.  These  a;*-  exemplified  in  11^.  b and  7.  l-.ach  of  these 
has  lan*c  and  siuab  dimensions,  and  ihe  sinallei  dnuciisions 
may  lx*  less  siptiiiieaiii  in  a piacliea!  allocation  of  space. 

In  the  waiters  experience.  I he  concept  of  radiation  IM; 
was  first  applied  to  the  dcMyu  of  a v*:iy  small  loop  anieima 
tor  coaxial  location  in  the  nose  cone  of  a small  ♦ ockcl.  1 ij*. 
K shows  i lie  liMiltiuji  one  Turn  of  wide  strip.  Ii  supeisedcd 
some  atu  »pts  to  desijin  a imiltiiurn  loop.  It  is  resonated  by 
an  ;nlej:iai  e.iivtciior  made  ol  a ceiamie  slab  iiietatii/ed  on 
bod.  faces  M pioved  superior  in  pcifoi luanet,  simpheity, 
.uni  iiipivdiii  - |>  may  base  Ixen  the  smallesi  .mlenna 
i In  n known  tii  ic.d  'v.  alnnit  Mt  percent  iadi.il it »n  elhcicney, 
the  si/i  Ivmp  ..lied  in  fiaciious  ol  the  waMluii'tli.  Its 
di.ii'ietei  and  leuptli  weic  about  0 04  wau-tv'nj’th  so  its 
ladni.  was  about  t)  12  l.idiaiileup.th  It  was  measiiird  by  a 
iiielhml  t»i  In-  •Icsi  iitX'd  heie. 

I oi  i ’In  i iu  v of  ladiatnm. .»  >m  d)  .intemia  of  one  kind  is 
ii  • naied  by  a ie.irtoi  of  the  nppnsiie  kilitl  then 

. ....  radiation  IM  , , 

r. nli. it  nm  . tin  tent  \ (fi) 

lad  »T  l loss  IM* 

In  a ve-\  -.mall  aiileuiia,  tin-  i.uliutioti  and  toss  powci 
laelms  i.iay  he  sosinnl)  that  then  iatio  isihlfuull  lonitasine. 
In  am  ia*e.  Iu  v.  would  they  he  separated  in  lneasnieniemV 
I >ii eel  ■neasnu  «m  nt  ofimli  .!ed  powei  is  laborious.  Aunihrr 
Ills* I hod  developed,  ilsinj'.  a “lailialioil  shield  ‘ 1 U)  1- 

I iv.  M .b.iws  die  eoncepi  of  the  radiation  shield.  Its 
pm  pose  i.  to  avoid  l.idialion  of  powei  while  S?.»vinj*.  tin 
i nl m m iji  dissipation  m d . icmhi.iiii  eiiinit  t.‘.  the  small 
aillcuii.i  l lie  shield  is  a h<:»  wilb  umdiieMve  walls  loi 
piCM-iihiir  ladi.iiion.  n « .mil  diap»-  aie  nonenti'al. 


1 41.  10.  t Ill'll'*  ill*.  ll|l|. 


Inn  the  theoretical  ideal  is  a >licrc  as  indicated.  It 

should  Nr  much  latpcr  than  the  antenna  in  be  shielded,  so 
as  to  retain  sulisi  initially  the  teactuinv  and  loss  Iff-  of  the 
antenna.  "1  l>>*n  the  1*1-'  is  measured  with  and  without  the 
shield,  lor  evaluating  the  power  rllicicncy  of  the  useful 
tadiatioti  | ltt|.  In  the  design  shown  in  lag.  X,  the  circuit  was 
included  in  an  oscillalot,  so  the  efl'eel  of  the  shield  on  the 
amplitude  of  oscillation  could  he  interpreted  in  terms  of 
radiation  ellletency. 

VII.  I iitstt  A N't  CNN  AS 

A tiselul  family  ot  small  antennas  enmprises  those  that 
aie  leccssed  in  a shield  mu  face,  such  us  a ginimil  plane  or  the 
shin  of  an  aircraft.  Some  may  he  inherently  lltish  designs, 
c hile  others  may  he  suited  for  operation  adjacent  to  a shield 
surface,  whether  recessed  or  not.  Hie  antenna  may  lx-  (' 
or  /.  type,  either  one  radiating  ill  a polarization  compatible 
wiili  the  shichl  surface 

lip  10  slmus  a Hush  disc  capacitor,  tit  is  sometimes 
termed  an  "anmilai  slot”)  Ibis  eapacitm  in  the  llnsh 
mounting  may  lx'  coinpaml  with  the  same  eapimioi  rust 
abuse  the  suif.tee.  Ihc  reccviiiig  somewhat  reduces  the 
radiation  1*1 . lire  remaining  clleclive  Volume  is  that  ot  a 
licinispheic  itidu-alcd  by  tin:  dashed  semicircle.  Its  size  is 
comparahle  with  that  of  the  disc.  I In-  cylindtica!  walls  in  iv 
lx  regarded  .is  a slum  lend h of  waveguide  txyoml  cutoff, 
i>)Vi :i l inp.  in  ihc  lowest  IM  mode  fciicular  lM-01.  is 
shown,  or  icclJiiEutai  IM-lli.  the  capasitoi  may  x' 
rcsniiatcil  by  an  uilcgral  imliieloi  as  shown.  In  any  cavity, 
there  is  a size  ami  sha|H'  of  disc  that  can  yield  the  greatest 
radiation  I’l  . I hr  primary  factor  is  the  size  ot  tlx  unity 

I he  evaluation  of  a flush  antenna  includes  the  shield 
surface  It  is  necessary  lirst  to  evaluate  the  initiation  Iff  hy 
some  niethoil  ol  coinputation.  Him  il  can  he  staled  in 
terms  of  a volume  talio.  Heir  we  consider  the  half-space 
of  I .uh:  1 1 um  amt  show  lire  hemisphere  of  jl”  which  may 
then  lx-  computed  vvuli  lie-  ha'I' lathausphcie,  Jl'..  the 
radii  are  returned  (o'  ami's, 3*).  An  antenna  located  on  the 
sin  race  (pot  recessed)  could  lie  considered  with  its  linage  to 
yield  tlx*  complete  *|dx-ti-  ot  1 " Hi  lx-  eompaml  with  the 
radiansplieii'  1,.  I hen  | ol  each  may  ho  shown  above  the 
shield  plane,  as  for  tire  Cush  antenna. 

I he  disc  capacitor  radiates  in  the  same  rmale  as  a small 
vertical  tleiliie  dipole,  hy  virtue  of  vcrtiial  elect ne  fins  hum 


I tg.  It  I lii-ti  cavity  imtixtor  with  dtctc.irx-  window. 


I ig.  12.  f tush  snip  iiitiuetui. 


the  disc,  fids  is  vertical  polarization  ott  the  plane  of  the 
shield,  with  omnidircctivc  radiation.  The  other  examples  of 
a flush  antenna,  to  lx  shown  hoc,  tadiate  as  a small 
hon/untal  magnetic  dipole,  hy  virtue  of  magnetic  flux 
leaving  the  ivvity  on  one  side  and  returning  on  the  other 
side.  This  is  vertical  polarization  blit  directive  in  a tigure- 
cigfc:  pattern  Omnitliieelive  radiation  call  be  provided  hy 
tptnth.iluif  eveilatioii  of  two  crossed  modes  in  the  same 
cavity.  I he  ladiation  Iff-  of  cither  find  is  reduced  hy 
ri'ccssiiie,  luit  the  magiX'lie  dipole  Millets  less  rediiettim. 

111!.  II  shows  an  idealized  cavity  icsoiiaioi  which  ladtatcs 
as  an  inductor.  I lie  cavity  is  covered  hy  ,t  thin  window  of 
lligh  f dielectric  which  selves  two  purposes,  ti  coinplelcs  the 
cuiicm  loop  iiidieatvd  hy  the  arrows  if).  Also  il  provides, 
in  effect,  sei  iesca|iaeil.tiree  which  resonates  the  cm  real  loop, 
l ire  eylimli  icu!  walls  and  the  aperture  ••veitatinn  may  lx 
p'gaided  tis  the  loves!  (cutoff)  If  inode  (circular  11-11), 
in  levl.mgiilal  I)  It)  or  I T ill,  as  sliownl.  1 ach  of  thcsi' 
iiHuhs  has  two  ciu.-sl  orivniations,  of  which  one  is  in- 
dicated hy  the  cuitfiii  loop.  I he  lontmiious  dieleittie  sheet 
on  a squate  tin  clic.ii.u)  unity  icsnnates  the  two  crossed 
iiiixlvs.  Itccaitv  each  lesmcoue  e,  in  the  lowest  mode,  it 
involves  the  smallest  .ninimii  ol  slnied  cneigt  telative  to 
tadiated  power , and  iheielou  I lie  greatest  value  ofnidialioii 
Iff. 

I tg  If  shows  some  piaetieal  designs  which  vit'  l nearly 
the  satire  peitonna'iee  In  lire  use  ol  eomlueuti*  -lri|><  m 
ordinary  tlow-itl  dieleeliie  wnnlows.  (High  A dielectric  Is 
not  leqnued  I Heir  tire  raduMirg  riwllietor  (strip)  and  th- 
levmatini*  senes  e.i  iaeiim  (gap)  arc  appainii.  The  two 
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1 ig.  13.  Hun* i inductor  on  thin  ferrite  di--c. 
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I ig.  14.  Long  toil  hi  fcr(i(c  rod. 


alternatives  arc  shown,  one  mode  or  u pair  or  crossed  inodes. 
Practical  d. signs  nhout  A/4  square  have  been  made  with 
radiation  IT  j!iou'  0.04.  This  is  ahout  the  largest  si/e  that 
follo-Ts  the  ru>s  cl  a small  antenna. 

The  required  coupling  with  any  of  the  resonant  antennas 
in  figs.  10  12  may  be  provided  by  another  (smaller)  reson- 
ator located  within  the  cavity.  This  enables  the  bandwidth 
of  matching  shown  by  the  intermediate  graph  in  Pig.  .1. 
liucli  ofthe.se  is  suited  for  self-resonance,  and  requires  some 
depth  of  activity  to  hold  down  the  extra  amount  i'f  energy 
storage  in  this  nonradiatiug  space. 

big.  1 ' sh'>ws  a Hush  inductor  made  of  crossed  coils  on 
a thin  magnetic  disc.  At  medium  or  low  frequencies  (Mb', 
Lb',  VI. I0  ihe  availahh  fertile  materials  1 12|  can  provide 
a magnetic  core  which  is.  a return  path  nearly  free  of  extra 
energy  storage,  even  in  the  thin  disc;  aiso  which  adds  very 
little  dissipation.  The  required  depth  of  cavity  is  then  only 
■utliciait  to  take  the  disc  thickness  with  some  margin. 
Relative  to  the  wavelenrtli  at  the  lower  frcqueneics,  the 
antenna  is  too  small  to  enable  high  ellieicney,  even  at  its 
frequency  of  resonance,  so  it  is  useful  only  for  reception. 
A rotary  coil  or  crossed  coils  can  be  used  for  a diicctiou 
finder  or  omnidirectional  reception.  The  principal  appliea- 
•"i>  is  on  the  skin  of  an  aircraft. 

rig  1 4 shows  I lie  ferrite-rod  inductor  which  is  the  antenna 
most  commonly  used  in  small  broadcast  receivers  (Mi-, 
around  I Mil/.).  The  ferrite  rod  greatly  incicases  the 
elliLiive  volume  of  a thin  coil,  as  indicated.  The  effective 
volume  is  then  d iermim.il  primarily  by  the  lcng’!i,  lather 
Ilian  the  diameter,  of  the  coil.  Like  (he  ferrite  disc,  this  can 
he  used  cloy  (paiallel)  to  a shield  surface  or  recessed  in  the 
surface. 

lie  re  we  may  note  that  a long  coil  with  its  small  shape 
factor  (A,  ->  I),  can  have  its  ettcclisc  volume  greatly 
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but.  13.  Inductor  in  rjdumc  submerged  in  sc.i  wyicr. 


increased  by  a ferrite  core.  On  the  other  hand,  a parallel- 
plate  capacitor,  with  its  small  shape  lae’or  (A,  -»  1),  can 
only  have  its  ettretive  volume  decreased  by  a dielectric 
core.  This  is  one  respect  in  which  the  inductor  otters  more 
uppoituuiiy  in  design,  in  another  icspetl,  the  number  of 
turns  can  be  used  to  set  the  impedance  level,  a freedom 
that  may  be  desired  but  is  unavailable  in  a simple  capacitor. 

If  a long  coil  as  a magnciic  uipole  were  filled  with  perfect 
magn  ic  mulct  ial,  its  effective  volume  would  be  comparable 
with  that  of  an  equally  long  conductor  as  an  electric  dipole. 
If  Ihe  coil  had  many  turns,  they  could  theoretically  be 
distribute'1  (crowded  toward  the  ends)  to  give  ail  cll'cctivc 
volutre  greater  than  that  ol  a pair  of  discs  far  apart,  l-'ig.  6(u). 
If  the  coil  is  not  too  thin,  this  result  cun  be  approximated  at 
the  lower  frequencies  with  many  turns  on  u ferrite  core. 

VIII.  Anu-nnas  kir  VLF 

The  greater  ihe  wavelength,  the  more  relevant  may  be  the 
concept  of  a small  antenna.  Cun  cut  activities  go  as  low  as 
10  kll/  with  a wavelength  of  30  km.  liven  the  largest  of 
transmitter  antennas  is  small  in  terms  of  this  wavelength, 
or  its  radianlcngth  of  5 km.  f or  underwater  reception, 
however,  tie  radianlcngth  or  skin  depth  in  salt  water  is 
only  a few  meters,  so  a small  aulr.inu  may  occupy  a sub- 
stantial fraction  of  this  si/c.  The  latter  will  be  discussed 
first,  as  another  example  of  a small  inductor. 

l-'or  submarine  reception  of  VI  b signals  in  salt  water, 
an  inductor  in  a hollow  cavity  (radome)  is  the  preferred 
type  As  compared  with  a capacitor,  its  efficiency  is 
greater  because  the  conductivity  of  the  water  causes  near- 
field  losses  in  response  to  electric  field  hut  not  magnetic 
held.  ALo  there  is  no  need  for  conductive  contact  with  the 
water . 

big.  15  shows  an  idealized  small  antenna  in  a submarine 
cavity  1 1!),  Jv|.  It  is  a spherical  coil  with  a magnetic  core, 
as  shown  in  big-  5.  In  Ihe  water,  the  nulianle.'tglh  is  equal 
to  tiic  skin  depth  (•)).  At  15  kll/,  this  is  about  2 m.  Ihe 
si/c  of  the  cavity  is  much  levs,  and  the  coil  still  less,  so  it  is  a 
small  antenna  in  (his  environment.  Ihe  radiation  IT 
indicates  two  qualities,  the  desired  coupling  to  the  medium 
and  the  umlcsircd  dissipation  in  the  medium  The  former 
is  proportional  to  the  coil  volume,  and  is  increased  by  the 
magnetic  core.  The  latter  is  decreased  by  increasing  the 
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Fig.  16.  Large  Hat-top  capaeiro-  which  is  still  small  rclaiive  to  wave- 
length. 
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Fig.  17.  l<arpc  VM"  antenna  (pian  view) 
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>-n viiy  .adius.  The  toil  is  in  the  vertical  plane  for  vertical 
pulari/aoon.  Crossed  .oils  may  l*c  used  for  omnidireclivc 
reception  md  directum  finding. 

Tor  cllicicnt  transmission  at  the  lower  frequencies,  one 
of  the  emly  simple  types  is  the  one  shown  in  1 ig.  16  1 7 J.  It 
is  a ‘‘llat-top”  j;rid  i*l‘ wiles  forming  a capacitor  with  ftiound 
its  the  lower  conductor.  In  the  terms  of  small  antennas,  it 
nan  l?e  descrihed  in  the  manner  indicated.  The  etlertrve 
height  (/<)  is  iclatcd  to  the  i.nliatiim  lesidancc.  1 he  cnpacit 
ante  enables  tire  statement  of  an  effective  area  {!.,A)  as 
noted.  The  effective  vn*  one  th^ih)  in  half-space  is  eoinpaicd 
with  J radianspher.  t determine  the  radiation  PI-,  it  is 
n«taMe  that  the  grid  «>I  mans  wires  may  provide  an  effective 
area  greater  than  that  ol  the  grid,  in  spite  of  die  much  smaller 
area  of  conductor. 

As  an  extreme  example,  we  shall  consider  the  later  one 
of  the  two  largest  amentias  in  the  world.  They  ate  the  Navy 


transmitters  located  ct  Cutler,  Me..  [NAA)  and  Northwest 
Cape,  Australia,  (NWC;  The  latter  was  commissioned  in 
1967.  jt  is  taken  as  an  example  because  it  is  the  simpler. 
Figs.  17  and  IS  show  the  phi1,  and  elevation  views  of  the 
structure.  It  operates  down  *o  about  15  kHz,  a wavelength 
or  20  km. 

The  lowest  "spccifc.tion”  frequency  determines  the 
required  st/e.  At  this  f’cquency,  the  fitllowiiie.  statistics  are 
relevant : 


frequency 

15.5  Wl/ 

wavelength 

/ « 19.3  km 

extreme  diameter 

2.7  km  « 

center-tower  height 

.390  in 

effective  height 

185  m 

capacitance 

0.163  ,<!■- 

effective  area 

3.4  (km)’ 

effective  volume 

V _ o.ft  I (km)1 

radiatnm  resistance 

«,  --  0 1 44  li 

reactance 

a;  - o3  fi 

radiation  I’F 

p,  - 2.3  mils 

loss  I’T 

< 2.3  nvls 

efficiency 

> »)  50 

resonance  nandwidth 

134  Hz 

radiated  power 

1 MW 

input  power 

2 MW 

reactive  power 

435  MVA 

voltage 

165  IV 

current 

2.63  kA. 

Particularly  spectacular  arc  the  reactive  power  .if  435 

MVA  in  the  air  dielcct'ic,  ami  the  real  power  of  7 MW 
delivered  to  a resistance  of  about  0.3  If.  Less  than  half  of 
this  resistance  is  hudgeted  to  all  losses,  including  the  ground 
connection  aid  the  tuning  inductor.  The  sntall  value  of 
radiation  I’T  (3.3  mils)  well  qualifies  this  struct ute  as  a 
‘'sn  ail  antenna.**  The  choice  of  a capacitor  (rather  than  an 
inductor)  was  influenced  by  the  need  for  oinnidirectivc 
coverage. 

Tlte  effective  volume  is  di.teramcd  in  the  form  of  a 
cylinder  bounded  hy  the  dashed  lines.  Tie.  P,  the  effective 
area  is  a ciiele  including  mo—  -iT.'  than  the  grid  rtf  wires. 
In  Tig.  IX,  tl  e effective  height  is  rcdiaed  hy  two  practical 
considerations.  The  top  level  is  lower  I van  the  lop  wires  hy 
the  effect  of  the  downle;  if.  ('IX  uiic>  around  the  central 
lower).  "I  he  bottom  level  is  higher  nan  the  giountl,  hy 
the  elrecf  of  the  grounded  towels  amj  jury  wires  (each  tower 
having  3 nt  t aeh  of  4 or  5 levels).  I he  resulting  elfect:ve 
height  is  about  { the  average  height  of  the  13  towers,  ihe 
radiation  I’f  istclaled  to  this  effective  volume  by  (3)  adapted 
to  half  spare  above  ground.  (The  effective  volume  k 
compared  with  I ladiaiispliere.l 

IX.  Coni  i rsitjx 

The  principle,  of  Miiall  antenna.,  can  he  dcsciilred  in 
simple  terms,  noth.  iruilhcmalic.rllr  and  pictoiially.  they 
are  helpful  in  the  iintleistandiiti!  and  design  of  practical 
antennas  in  either  type,  capacitor  or  inductor.  While  the 
two  types  have  a common  rating  m ter  ins  ol  effective  volume. 
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there  are  dilfcrcnccs  that  may  give  either  an  advantage  in 
si/e  or  other  practical  considerations,  l or  any  configuration, 
the  elliciency  and/or  bandwidth  is  ultimately  limited  by 
si/e  relative  le>  the  wavelength. 
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ABSTRACT 


Th' s paper  describes  work  at  The  Ohio  State  University  ElectroScience 
Laboratory  on  studies  related  to  electrically  small  antennas.  Recent  work  in 
c’ ad os  thr  dove 1 1. (mien t of  techniques  for  measuring  efficiency,  the  development 
of  efficient  elements  for  transmitting  applications  at  UF  and  VHF  and  studios 
of  reducad-si.ro  arrays  uf  small  elements.  In  addition  some  earlier  work  on 
the  integration  of  active  circuitry  to  antennas  is  described. 
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INTRODUCTION 

This  pa  nor  doscribes  work  at  the  Ohio  State  University  on  studies  related 
to  electrically  small  antennas.  The  scope  of  the  work  includes  efficiency  mea- 
suring technique.-  and  theoretical  and  experimental  studies  of  basic  radiating 
elements  and  reduced-size  arrays  of  small  elements.  In  addition  some  earlier 
work  on  the  integration  of  circuits  and  antenna  elements  that  may  be  useful  for 
small  antennas  is  included. 


EFFICIENCY  MEASURING  TECHNIQUES 

One  of  tho  most  difficult  and  important  problems  associated  with  electri- 
cally small  antennas  is  the  determi nation  of  antenna  efficiency.  Although  theo- 
retical analyses  such  as  an  integral  equation  formulation  with  Moment  Method 
solution  are  useful,  an  experimental  approach  has  the  advantage  of  including 
unforeseen  and/or  hidden  loss  factors  that  may  not  or  could  not  have  been  in- 
cluded in  the  theoretical  model.  Examples  of  this  would  include  solder  joint 
luss,  lossy  film  on  the  conductors  and  losses  in  tuning  and  matching  components. 

•Hie  pattern  integration  and  gain  comparison  methods  usually  provide  reli- 
able methods  for  measuring  antenna  efficiency  but  the  time  required  may  be  pro- 
hibitive when  a parameter  study  is  to  be  made  in  order  to  optimize  the  antenna 
in  some  way.  Thus  other  experimental  techniques  have  been  explored  and  two  of 
these,  the  Wheeler  Cap  Method  and  the  Q Method,  have  been  found  to  be  quite  use- 
ful for  rapid  parametric  studies. 
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A.  Wheeler  Cap  Method 

If  we  define  Rr  to  be  the  antenna  radiation  resistance  and  Rl  the  antenna 
loss  resistance,  the  quantity  Rr+Rl  may  be  determined  by  measuring  the  antenna 
input  impedance.  Wheeler[l]  suggests  that  enclosing  the  antenna  with  a conduct- 
ing sphere  a radian  length  (about  one-sixth  wavelength)  in  radius  will  eliminate 
Rr  from  the  input  impedance  without  significantly  changing  Rj_.  This  assumes 
that  the  conducting  sphere  causes  no  change  in  the  current  distribution  on  the 
antenna.  If  this  assumption  is  correct,  the  real  part  of  the  input  impedance 
with  the  sphere  in  place  will  be  Ri_.  Thus  by  making  two  impedance  measurements, 
one  without  the  sphere  and  one  with  the  sphere  in  place,  the  antenna  efficiency 
can  be  determined  using  the  relation 

_Rr_ 

EW  3 r +R 
R L 

Using  standard  equipment  such  as  a network  analyzer  (with  Smith  chart 
overlay)  one  can  quickly  and  easily  measure  R|_+Rr  and  R|_  and  therefore  effici- 
ency. A typical  test  configuration  is  illustrated  in  Fig.  1 for  a VHF  multiturn 
loop  (MTL)  antenna.  The  antenna  is  shown  larger  than  scale  for  clarity.  The 
cap  may  be  cubic  in  shape.  It  was  determined  that  the  shape  of  the  conducting 
cap  was  not  critical  and  no  real  difference  (plus  or  minus  2 percent)  could  be 
determined  in  measured  efficiency  whether  the  cap  was  copper  or  aluminum.  The 
effect  of  reducing  cap  size  was  tc  increase  input  reactance  but,  so  long  as 
accurate  values  of  input  resistance  could  be  determined,  there  was  no  appreciable 
change  in  measured  efficiency.  A larger  cap  makes  input  resistance  easier  to 
read  and  the  18"  x 18"  x 18"  aluminum  cap  in  Fig.  1 /as  used  in  measurements  at 
160-240  MHz. 

Measured  results  from  the  Wheeler  Cap  method  have  been  compared  with  re- 
sults from  pattern  integration  and  gain  comparison  methods.  Comparison  with 
pattern  integration  data  showed  differences  of  up  to  25%  and  Fig.  ? shows  a 
comparison  with  data  from  gain  measurements.  For  the  data  in  Fig.  2 the  effici- 
ency by  the  Wheeler  Cap  method  was  obtained  from  the  structure  of  Fig.  1 whereas 
the  gain  comparison  method  utilized  a 20'  x 20'  groundplane.  This  may  account 
for  some  of  the  discrepancy  in  the  data. 

It  is  concluded  that  the  Wheeler  Cap  method  can  accurately  predict  the  re- 
lative efficiencies  of  two  antennas  and  to  also  yield  a reasonable  approximation 
to  the  absolute  efficiency.  The  major  advantage  of  the  method  is  that  the  mea- 
surement is  quick  and  easy:  At  the  lower  frequencies  it  is  limited  by  the  -ize 
of  the  conducting  cap  that  one  is  willing  to  construct.  Caps  as  large  as  15'  x 
15'  x 10'  have  been  used  for  HF  antennas  from  4-30  MHz. 
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B.  The  Q Factor  Method 

A second  method  for  measuring  antenna  efficiency  is  based  on  a comparison 
of  measured  to  ideaTQ.  The  Q of  a realizable  antenna  is  defined  as 

tu  x peak  energy  stored 

(2)  QRL  = average  power  radi ated  + average  power  dissipated 
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and  the  Q of  the  ideal,  lossless  antenna  is 
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_ 411  v P^k  energy  stored 
(3)  Qr  " average  power  radiated 


If  the  current  distributions  on  the  realizable  and  on  the  ideal  antenna  are  con- 
sidered to  be  the  same,  then  the  stored  energies  will  also  be  the  same,  and  the 
efficiency  of  the  realizable  antenna  is  simply  the  ratio 


(4) 


Qrl 


power  radiated 

power  radiated  + power  dissipated" 


Qrl  can  be  determined  by  measuring  the  impedance  bandwidth  of  the  actual 
antenna.  Qr  for  the  ideal  lossless  antenna  can  be  found  from  the  results  of 
Chu[2]  and  Harrington[3]  where  the  antenna  is  considered  to  radiate  a number  of 
spherical  waveguide  modes  emanating  from  a spherical  surface  surrounding  the 
antenna.  For  an  electrically  small  M7L  antenna  the  size  of  the  spherical  sur- 
face is  taken  as  the  smallest  sphere  which  encompasses  the  MTL  and  the  tuning 
and  matching  capacitors  (see  Fig.  1).  and  the  distribution  of  spherical  wave- 
guide modes  is  taken  as  the  lowest  order  TMoi  mode  only.  The  solid  curve  of 
Fig.  3 shows  the  ideal  Qr  of  an  antenna  which  can  be  enclosed  by  a sphere  of 
minimum  radius  a,  and  which  radiates  the  TMp-|  mode  only.  This  curve  was  used  to 
obtain  Qr  for  all  of  the  MTL  considered  here.  The  dasned  curve  in  Fig.  3 is 
the  ideal  Qr  of  an  antenna  which  radiates  equal  amounts  of  the  TEoi  and  TMg] 
inodes  [3]. 

A comparison  of  efficiencies  by  the  Wheeler  and  Q methods  is  shown  in 
Table  I.  In  this  set  of  measurements  five  MTL  antennas,  each  with  a different 
number  of  turns,  were  made  from  No.  18  tin-coated  copper  wire.  .For  each  MTL, 
Table  I lists  the  number  of  turns  in  the  loop  (N),  2n  times  the  radius  a in 
wavelengths  of  the  smallest  sphere  which  could  completely  enclose  the  MTL  and 
its  feed  and  matching  capacitors,  the  Wheeler  efficiency,  and  the  Q efficiency. 
Table  I shows  that  for  ka  0.156  the  Wheeler  method  and  the  Q method  yield 
approximately  the  same  efficiency.  For  larger  ka  the  antenna  can  radiate  signi- 
ficant amounts  of  higher  order  modes,  and  the  methods  for  choosing  the  radius  a 
and  the  modal  distribution  fail,  and  thus  the  Q method  fails  as  u'cd  here.  In 
Table  I this  is  illustrated  by  a Q efficiency  of  122  percent  for  ka  = 0. ?•■!!■. 

Although  it  is  not  a fundamental  limitation,  determining  the  higher  order 
modes  radiated  by  an  antenna  is  sufficiently  difficult  that  the  Q method  is  in 
practice  limited  to  electrically  small  antennas.  Our  experience  with  this  method 
indicates  Lhat  it  absolute  cfticiency  is  desired,  it  is  reasonable  to  use  the  Q 
method  to  measure  MTL  efficiency  for  ka  0.2.  If  only  relative  efficiency  is 
important,  the  method  can  be  applied  for  ka  somewhat  greater  than  0.2. 

Both  the  Wheeler  method  and  the  Q method  are  easy  to  apply.  They  have 
been  found  to  accurately  predict  relative  changes  in  efficiency,  and  to  a lesser 
extent  absolute  efficiency.  Further,  thpy  are  applicable  at  HF  and  VHF  fre- 
quencies where  the  standard  pattern  integration  technique  may  become  impractical. 
The  Wheeler  method  is  limited  on  the  low  frequency  end  by  the  size  of  the  cap 
that  one  is  willing  to  construct.  Provided  that  the  impedance  of  the  antenna 
can  be  accurately  measured,  we  sec  rio  lower  frequency  limit  for  the  Q method. 
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TAULC  I 

A COMPARISON  OF  WHEELER  AND  Q EFFICIENCY 
FOR  VARIOUS  SIZE  MTL 


■ •] 


N 

ka 

LW 

(percent) 

(percent) 

6 

0.056 

6 

4 

4 

0.076 

10 

1? 

3 

0.118 

26 

34 
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0.156 

46 

47 
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0.286 

84 
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ELECTRICALLY  SMALL  RADIATING  ELEMENTS 

An  electrically  small  antenna  is  an  antenna  whose  maximum  dimension  b 
much  less  than  the  wavelength.  We  shall  adopt  the  do. ii  ition  used  hy  Slielkunnl < 
and  Friis[4]  in  which  an  electrically  small  antenna  is  one-eighth  wavelength  nr 
less  in  inaxiinum  extent.  Except  for  pattern  distorting  eliects  ot  Unite  ground 
plane  or  suppoi  t structure  the  pattern  ot'  a small  antenna  js  essentially  th.it  of 
the  classic  elemental  dipole  which  in  free  space  and  with  current  tluw  along  the 
z-axis  in  u conventional  spherical  coordinate  system  has  a sin-  lipid  pattern 
and  a directivity  (directive  gain)  of  1.5. 

There  are  two  basic  types  of  electrically  small  antennas,  llio.e  are  Lhc 
electric  element,  which  couples  to  the  electric  field  and  is  reiorred  to  as  a 
capacitive  antenna,  and  the  magnetic  element  (electric  loop),  which  couple-.  to 
the  maqnet.ic  field  and  is  referred  to  as  an  inductive  antenna. 

Electrically  small  antenna  are  goner -My  categorized  as  one  01  1 Is.*  <il!.i 
of  these  two  basic  types  although  many  practical  small  antenna-,  are  -.nun-  ami'i 
nation  of  the  two  types.  The  categorization  is  dune  on  the  basis  that,  the  an- 
tenna-is  principally  an  electric  or  magnetic  element.  01'  these  '.wo  h«;si.  type-, 
the  electric  element  can  be  considered  to  be  Liu:  most  lundaim'iil.il  sirce  the 
loop,  or  in  general  any  wire  antenna,  can  be  constructed  from  a -.'iperpns  i t ien  nt 
electric  elements. 

Some  examples  of  small  electric  dipole  or  capa«.it.ive  anient,  is  an  glv.-n 
in  Fig.  4 and  some  examples  of  mii.iII  loop  or  inductive  antennas  are  <|i.<  o in 
Fig.  b. 

The  representation  of  a small  antenna  by -me  ms  of  a capacitor  i *»«lu-  -let 

is  a convenient  application  ot  lumped  circuit  concepts  to  antennas  .aid  is 
justifiable  approximation  fur  many  small  antennas.  Many  sucrev  *o I uiil-nn.r, 
particularly  for  Vi f-MI  applications,  have  been  developed  m il.is  basis  and  a 
good  summary  of  capacitive  and  induct,  iy:*  antennas  has  he.ii  given  by  Wheeled  |. 
However,  modern  high-speed  digital' computers  not/  ,.-ii.:i>le  Mie  anl'-iii.:  »*n*i i »h»i  » 
analyze,  with  almost  any  degr-  c o!  a.  ’■ur.ii.y,  siu  1 1 ant.enn...  n*  oL|li.r-y  L .nr 
such  as  those  shown  in  I' ms.  4 and  
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111  l h*.«  di*l  in  i ( inn  ul  !„m*  smd  1 I antenna  it  is  iiii|il  i»**l  Uul  (‘to  .in  1 ■ -m  i-»  i 
>i  t ed  ,it  a 1m|Ui*»uy  or  I rptiurmties  well  In*  low  its  t ir*,l  nahaal  re.  ■»n.»in 
Iliis  r.  ir.ua  I !«•  f me  Ixi  t some  -.null  .in  trim,  r,  uLi  I i/t*  mu  1 I i I am  loop,  *pir,il,  •>( 
in) lint  e on f inn rat  ions  ,i  shown  in<I  i>i*-,  A .uni  S wherein  it  i*  pt>*  *.il.|i*  In  ■-..»*> 

a «,u>*..i.n  Liiiij  element  nt  silt  t u ion l elm.l  r ii  a 1 1 i*mi ! It  in  operate  ,il  m .d-ove  l !i> 

tir.L  initui*, 1 1 iv.oiunii  i*,  hul.  .till  not  li  «vi*  (In*  m.i>: iimi:<:  <1  intension  ul  the  an!.  n-i.t 

slrur  I nr*'  ou  imhI  onr-rj.ihlli  wa**eletr|th, 

llt**,Min  <1.*  t a in  tin*  1 1 mu  ul  impi’il.HK  • , < - 1 1 i < ii*my  ,m«!  palhrtr.  •>!  nan.  ol 
Hu*  « util  ii|!ir«i i ion*,  in  I i ij  . . A ,nii|  .i*.  w>*!  I as  «»•  •»*-*- . , Imv  !«*'*ii  ul>i  i an  ti  al 
Mu*  Ohio  Slate*  lip ivers i ty  .uul  an  loHained  hi  pail  ip  Rete*em  * *.  lie 

<l,i  t .i  <h*i»i*i  al  ly  m *n  Hi  ,in.l  VHI  <!<*♦.  inn*,  amt  aft*  hm  iM»  nsivi*  In  in.  1 -i*l«  * I'm, 

Some  ul  llnse  tlula  have  he.-i,  *,»l>l.i  itird  <*>(  i*riuit»il.i  I i y u*.in«j  I hi*  I it  i **m  y , .*|hol 

tiescrihi'd  ahovt*.  Most  of  (In*  dil.t,  howtver,  havi*  lu*i  n »»l»t .»  i«m**I  1*v  niii>«*i*it  al 
analysis  primarily  n*. i ri-*j  (In*  M«*1  h>»*!  «l  Mnnn*u r *. [ *J  |.  In  many  - Mi.  I*.  tl 

i.’iiviniriim'iU  c.n  Un*  .ml.riiu.i  |u*rloi*ii'iu<  i*  an'  iiu  hi«l«  o * in  li  a*.  lo*,*.y  «*.*;*: I*  ha..:.  *' 
body,  veliii  |o,  Ha. 

An  interest  iiu,  example  «>l  a '.mail  >i<i<>  mi  * ■*'.r  !m»i  (••  *:••  . ' *.  .*.**..  Iiih 

i*.  shown  in  I in-  i>.  Iliis  i *.  (In*  i r.<  o|  a .emII.  mile  tan.  * *».»:•  • !”**  •• 

side  wh : t.h  in  livi  \|*.n.e  h.«*.  an  ot!i>  iom  y « « I i***  n > •«  (.*. 

ot  lundintor,  tin*  elliiiemv  i*.  di  mkm  I »>  a 1 1 v i > . • * - • lv  v • * ’ *••  i*1  *>>*i.  !"n  '*• 
and  radiation  Imiii  tin*  pearhv  -. I **iit  t ur*  . Un-  ;mii:l  h.  *•  is  t»..l  * •<  u 'in  ;..*. 

Un*  ul  f i..irni  y ol  a ! 1 anlrnm  ;**.i  v la  i < , v'.ui  il  I.  »?..*•  * ■ « I -n  ,*i  n . 

|.r,n  I.  it  a 1 *.  trin.  I.u  rr  sin  li  a*,  a lanl  m plan"  il  < *n  <\i"lt  in  ;mn|i  • «<:.  Un  'm  - 

lain*  whirli  'I'vatly  irn  n*.r.»**.  » In*  r.nli.Uioti  * * 1 1 n u in  y 


KinUPli  hi  /I  ARRAY'. 

Use  ol  M/|u*r(li  n*(  ti  y.  ■ dr*.  i *!*»*.  al.  Ill  and  <•*  hi 

1.11  diir  to  (In*  iii'jli  iiiihient  noi’.i*  U*Vi*!.  *.‘v  i .. ! ! • i.*.  - It:  ton.  "I  •*» 

an  or«l'*r  ol  m.nin  1 1 u«li*  >'i  iirealer  r,  j*. ihli*  a>  Ua.  ■•*  > • in*  • •«  • 

hi- i <ili I n ilm  I ion  ol  I hri*o  or  moro  u*.  inn  < I < *«  : . i . - . i I v ■ I ! - ' 

exit  nl  roiiin  I.  ini;  ol  tliroi*  or  mori  usin*i  ••lij'i  - *1 » » » * liv<  •'  i .v  d."  . u> 

aim*  i on.  Ira  in  I . 

A study  ha.  hern  in.nlc  to-  (••,1111010  I h,  pi.ipoilies  oi  «!•  ? • *.  "i  1 
iin  1*0.1*.  or  il  1 »*«*.  # i v 1 1 V and  In  doylnji  an  only*  1.  <«.»•  h ot  ",  >*.’o 

• *11*1  i .i*  i*»*  1 11*1  1I1  ■*.  i < j r 1 touii  lo  i 1 In*. (rail*  lo.oivin.j  *y  !>■.*  t»*nh  "Ms  • 
1* h ■ la  i 1 .1 1 ai-tl  im-thiiiii.il  [•.iraiiiolor*.  ami  I •» I » • .<»<»  * . | I * * . t'-..  •■*  •■*  • 

la,  lau  ol  |H*»IIM1V  iufii.  s I is  Iho  -.y-.tiin  *.  1 I 1.0  nui  a-  , if  lo.  Un  . 

11. 1 1 to  n<  1 1 so  1 alio  (SNIf)  ol  a rotoivimi  array  i*  « I (•<  Ilr  |n  o-hn  I 
tliioi  live  t|niii  ami  (hi  ratio  ol  im  idonl  1 <|>i  1 1 powoi  lo  i«i*  , l>'m*  mu 
il  tin-  system  is  hat  l.tirouml  aor.e  limilid,  and  i:  -the  l».n  I «i* « I n.i 

I mm  I y ill  ,Lri  Inn  oil  in  spue.  1,’c**  «*i  vin*i  *.r.!re  . li-nd  lo  In  h i* ! •,r*<'i»:'! 

I inn  toil  at  I roijtiom  i «*■  I -law  appi  *tx  I111.1 1 <•  I v 10  Mil/, 
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SNR.  i li'wt'V  of,  often  the  designer  of  a * iu.i- i v i mj  system  ha*.  little  or  po  < out  nil 
over  . f iiuil  ly , on:1  can  increase  Hit-  SHU  ay  i i n«|  the  dire*  five  qain 
ii\  the  direction  of  Liu.1  -i  undent:  siqnal,  Pi 

Hie  ;w.t  common  approai.il  fo»-  iiiuvjMnij  0(  ir  t(>  too  ans.v 

•*1  f’liH.-n t*.  .it,  approximately  ami  fere!  the  elements  with  coir,  -,nt  amp]  i 
and  with  i.lio  proper  phase  mi  that  rid i a t i on  froui  the  direction  ( r*< *m)  ddds  1,1 
piij',1  . l»i‘pi*iul i ti(|  mi  (lin  .lira'/  •■jruniri.rv  an  I the  number  o'  array  elrim-uts . sp.u  - 
inn  Urn  t • 1 1 'iiii'n  I /?  apart  will  ol  ten  ri’MJl'  in  array,  of  several  w.jv<lemj'lr.  in 
••x  ti  n I . ft  i HI!/,  • ISO  meters  ami  array,  on  tie-  order  ot  1000  »•(?  ti;r%  ot 
larqer  i ’ll  (I  hr  re-pured  to  obtain  an  ,■  cptahlr  D ( ‘ |vi » ‘ M ) J|d  SSK. 

li  is  writ  known  that  tlir  i.oir,lant  .iiup  I i Liicit'  lit, ear  phase  taper  method  for 
frr<linq  arrays  does  not  max  nni/e  the  dincli vr  wain  and  *, i ijh i I ii.ant  improvement 
in  directive  <|ain.  can  in;  achieved  for  array',  with  cl  onion  t.  SlMcinqs  i loser  than 
tho  irai.'l  ■//.;  however,  do*. ii|iiin<j  tor  maximum  directive  qain  will  not  lead  In  a*, 
useful  result*-  a-.  tlrhi'im  mi  for  noar  max imutn  dimt-ivi*  on  in  liy  imoos lmj  a <on- 
straint  on  eleclricai  ami  mechanical  tolerances.  I'.y  drsiqniiei  lot  maximum 
direct  ivc  'tain  subject  to  :<  constraint  called  *.i’ir.  itivity  t.n.tor  om*  tan  trado 
increased  (I  iroi.Livi  ty  tor  lowor  ol  I iiioru  y»  hiqlier  tolerance*, , and  i|roaU.*r  hand 
w i d Jli [ 1 1 |. 

Directive  qanr.  lor  10  ol'Wiil.  cm  ilar  Array,  lor  various  array  r.idi*  It/ 
a*.,  a tuiktion  ol  sensitivity  factor  h an*  s In *wn  io  I i |.  / ami  tin*  pattern  in  tin1 
piano  ol  tin*  array  for  an  array  •ii.imrU'i  ot  0.1  and  a '.on:,  itivity  fat  tor  K 10 
is  '.hown  in  ( iij.  tl. 


INII  Gknll  i)  AN  1 1'NNA'i  AND  ClUl'.llli  . 

Sonii*  oarly  studies  at  Ohio  State*  r mo. idorod  inixor'..  ain|*«  1 1 ior*.  am.  phase 
•>ti i ; f »*i-.  as  mleqral  part*  oi  antennas  *.m  ii  as  dipoles,  Joq -period i«.  dipole 
arrays  and  conical  ‘.pir.i  l;,|14  1/  j.  ll’o  i niicepl  of  infeqralcd  aulrnna -<  i n u i try 
dost  nil  i.  one  of  < < •inti  mi*  i«|  certain  antenna  lum  lion*-  v.'i  ill  certain  uiisuit  turn 
linns  in  a simile  s true  fun  . Some  ol  tin*  advant  a<l<  s otlorod  hy  intesrated  dr 
*» i «jn  over  conventional  separated  desii|ii  are  'inpioved  elntrira!  port .inaani  r , i* 
creased  reliability,  reduced  number  ol  components  ami  more  i ompai  ! *sii  t a<|imj. 

An  example  ot  a dipole  with  inleqrated  solid  .tale  amplifier  r.  i 1 In*. I rated 
in  f|i|.  9.  Sr  h a device  is  compact,  relatively  inexpeps  ‘ Ve,  can  In*  de*>i«|tn.*d  to 
have  iiinti  i|ain  with  low  noi*.e,  and  ran  In.  used  *.im|ly  or  in  arises  wiiere  Itu* 
•lenient  ij.iins  may  be  cun  trolled  iiulepcinleni  ly. 

I liesr  techniques  < an  In*  used  in  •leclricai  ly  .‘Hall  anteniM*.  to  nMein  bet 
ter  impedance  inatchim)  and  better  overall  system  penorniance  with  ro<|,ird  to 
some  patMiuefer  .inch  as  Si’ll!  ot  efficiency,  lor  example,  the  Mil  illustrated  in 
I in.  I males  us*’  ot  two  inteqral  ca pai  i tors  lor  tunim,  and  uia  «i  liinq.  Varyinq 
capacitor  (!^  in  I i«j.  I i.hanqes  Uie  resonant.  1 ivqueni.y  ol  the  antenisi  ami  Cp  i*. 
adjusted  to  qive  a real  input,  impedance  .tl.  some  level  *,ucl,  n , !>0  • . Ilie  use  ot 
inl**i|ral  tunim;  ami  matihim)  in  this  case  result*-,  in  a simpler  and  more  ellit  i 
• ol.  anteniM  than  havin')  an  external  network  lor  lin*.  purpos*.  Ieedb.nl  c** 

,'cuitrv  can  In  added  In  keep  the  alitenna  lured  automat  ii  a I Is  [ 1 Hj  . 
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ELLCTRICALLY  SMALL  ALTIVL  RECEIVING  ANTENNAS 


by 

HANS  H.  MEINKE 

Technical  University 
of  Munich,  Germany 


ABSTRACT 


An  electrically  short  monopolo  is  directly  combined  with  a field-effect 
transistor  to  form  a broadband  active  antenna.  A curve  of  optimum  antenna 
hoiijht  depending  on  frequency  is  given.  At  frequencies  below  1 MHz,  the 
optimum  monopole  height  decreases  with  decreasing  frequency  due  to  increasing 
external  noise.  Linearity  and  lightning  protection  are  additional  require- 
ments for  active  antennas  for  which  solutions  are  presented. 
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Electrically  small 


active  roceivinq  antennas 


L'he  active  .mt.ciina  in  it;  basic  form  consists  of  a 
passive  antenna  ami  an  into-n  atiod  amplify inq  device, 
here  1 discuss  the  most  simple  case  oi  a short  mono  - 
not-'  •••hi oh  i directly  connected  to  the  In  out  of  a 
I i ■ • I ill  • t ! cot  - 1 ran::  is  Lor . In  1‘iq.i  the  nioriooole  acts  as 
a si  mrec  which  feeds  t he  trany  iscotr . The  ancenna  has 


electrical  fiulo- 


a cm  I V.  wiiich  is  V,  - l.:  • 1.  d electrical  ficlu- 

slren"t!i,  ii(>)  { - of  i act  ive  helot,  flu;  monopole  has  a 

cajMcilv  0 and  tli>  tvnns  i '-.tor  an  input  capacity  'f^. 
l'lu’se  t •..■«•  •MDuoitie.i  form  u cnoaciLive  volt.a!,>  uiv  der 
am:  t!  ■ • : i • ji  i . : 1 volt neo  V.  between  tin?  input,  terminal:: 

1 .liie  cl  t.lie  tr  in  s isl.or  i s 


‘ ' 

:\ 


, i •;  >ti. i i • « i • • • i • • c i . I . • n t "ii  I i «>  in.’iu-y  and,  (lie  re  I or.  • , 

Ih.'  i lf'iinpn  I !■  • i I 1 1 i nt.cqrnt.iM.  IP  1 dr  I feet. -trass  i si  nr 

■ ii  V**-.  an  .iciivc  ant'Siua  with  o>:l  romoly  liro.nl  aandwidta 
i'V'mi  l ii  .•  t iM-t  r i c.i  1 I •/  small  r.ioiiiairl  s; . bo,  nenrr..  I 1 y , 
ban- iv; i .if  ' i i no  •'ro'  l.-m  f<n  act  i vr  an!  run, is  , even  not 
lor  v i *i  y II  winoimli':;,  and  imnopoLe  hoieiii  can  be 
rli.isrn  ail  it  r, il  l /.  In  unel.ivr,  l hr  .inl.rima  may  contain 

• iddit  ional  Tr. ii  I .iiii-i"i  for  free  ii<  ticy  :;>•  I cel.  i vi  t y , if 

.■Mil  l.d. 
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Output  power  ts  an  unimportant  quantity  for  active  an- 
tenna-; because  output  power  here  is  icnorated  by  amplifi- 
cation. Therefore,  onjy  signal-to-noise  ratio  is  that 
mala  problem  which  governs  active  antennas.  To  get  a 
simple  survey,  wo  assume  that  the  active  antenna  has  a 
sufficient  amplification  so  that  signal -to-noise  ratio 
is  determined  by  Hu-  input  circuitry  of  fig. I and  not  by 
the  following  receiver.  The  noise  is  a sum  of  external 
noise  and  internal  noise.  The  external  Is  received  by 
the  monopole  together  wiMi  the  signal  and  a part  of  the 
monopole  output.  Tin-  Internal  noise  in  our  case  is  the 
electronic  noise  of  the  transistor. 

2 

Fig. 2 explains  an  important  lact;  V,.  is  the  square  of 

the  signal  voltage  I jo  tween  terminals  1 and  2 and  ropre- 

2 2 

sen  ted  by  the  arrow  V,,  ; V is  the  square  of  the  noise- 

voltage  due  to  external  noma  and  represented  by  the 

arrow  V~A  ; , is  the  square  of  the  nol se-vol taae  due 

to  internal  noise  and  mainly  the  equivalent  transistor 

2 

noise  ami  represented  by  the  arrow  V^,,  If  u-ung  the 
squares  the  equivalent  total  noise  it*  the  sum  of 

V"l  and  V“..n  as  shown  in  fig. 2.  The  ratio  of  and 

, i 4 I O 

V-Jtot  il  lM  tl'e  signal-to-noise  ratio  oi  tliis  ideal  receiving 

system.  Fig. 2a,  h anil  c >;hnw  systems  with  different  monopole 

heights.  In  Fig. 2a  tin*  monopole  has  the  longest  monopole, 

fig. 7b  .i  shorter  monopole  and  fig.  2c  a still  shorter  mono- 
2 2 

pole.  V(,  and  V .ire  proportional  to  the  square  of  monopole 
*'  i 2 

height,  and  the  ratio  of  V,  and  V...  is  independent  of  mo- 

, c»  ha 

ni  t>n|e  height,  while  vf  , has  the  same  arrow  length  in  all 

1 1 i 

J cases  independent  of  monopole  height,  if  related  to  tn— 
minals  1 and  2, 


In 


us  I 


fig. 2,i  I hi*  monopole  height  i.s  chosen  so  that  the  tran- 
** 

t*g-  nois.*  V".p  i:-.  eonsinoialily  smaller  than  the  extur- 
noise  vfj  and  the  total  noise  is  mainly  detei  mi  no  I by 
• *:<iern.»l  noise. 
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In  fig, 2c  the  monopole  height  is  far  smaller  than  in 
2 2 

fiq.2a  and  Vq  and  are  smaller,  consequently.  In 

fin. 2c  the  same  transistor  noise  V JL  adds  to  a smaller 
2 : 1 

extermal  noise  V and,  therefore,  here  the  total  noise 

is  mainly  determined  by  the  transistor  noise.  Fig. 2b 

shows  the  optimum  case  */ith  a special  monopolo  height 

h .in  which  the  extermal  and  the  internal  noise  have 
°pt  2 2 

equal  level  (V  = V.,„,)  . The  signal-to--noise  ratio  S/fJ 

iv A iv  L 

depending  on  effective  monopolo  height  h ££  is  for  a 
given  transistor  noise  shown  in  fig.  3.  For  very  long 
dipoles  S/M  approaches  asymptotically  an  upper  limit, 
'[’his  means  that  a mor.opolc  height  far  beyond  ho^t  gives 
no  remarkable  improvement,  of  Vi/'A,  but  an  increasing 
expense.  On  the  other  hand,  a mononolo  height  far  below 
hQ  gives  a very  bad  noise  situation.  Therefore,  there 
is  an  optimum  monopole  height  as  a good  compromise  bet- 
ween expenses  and  reception  quality. 

The  extormrl  noise  is  increasing  rapidly  with  decrea- 
sing frequency  and,  consequently,  for  given  equivalent 
transistor  noise  brings  up  the  unexpected  fact  that 
with  decreasing  frenuency  we  can  use  shorter  monopoles 
for  active  antennas  in  which  the  inonopole  is  integrated 
with  a fieldeffect  transistor.  In  fig. 4 we  see  a mea- 
sured curve  of  h depending  on  frequency  based  on  very 
many  measurement.:;  which  we  undertook  in  Germany  and  may 
also  be  true  in  USA.  The  thick  horizontal,  lines  in  f;.g.4 
indicate  the  monopole  height  of  real  commercial  antennas 
which  we  developed  together  with  industry  in  Germany. 

A monopole  antenna  with  transistor  in  practice  must  ful- 
fill. additional  requirements,  mainly  iincarity.  We 
extended  development  work  on  electronic  circuitry  for 
active  antennas  to  get  low  noise  and  linearity  simul- 
taneously. We  succeeded  Lo  gee  linearity  op  to  extreme 
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conditions , when  the  receiving  antenna  is  near  to  a 
powerful  transmitter  station-  V.’c  also  invent. in,. ted 
the  stability  of  operation,  especially  whose  stability 
of  the  output  signal,  under  different  envi ronmnnts  ant. 
changing  temperature,  l.c,  -*,c  can  offer  reliable  active 
antennas  for  direction  finding  and  navigational  aim;. 
Another  important  point  is  to  protect  the  transistor 
against  electrical  discharges  of  the  a tnot sphere,  for 
example  durinn  a thunderstorm.  Active  antennas  on  ships 
have  been  tested  on  the  oceans  already  for  years.  Jo 
we  finally  can  offer  now  active  antennas  for  many 
applications  with  improved  quality.  The  improvement  at 
lower  frequencies  concerning  small  antenna  height  is 
impressive,  while  at  higher  frequencies  wc  do  not  tend 
to  very  small  antennas  but  to  setter  signal-to-noise 
ratio. 
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Ceiiu  H.  .Smith 

School  oi  El o.r‘  ri  cs  I Knp.iiieori  up, 
Oeoiv.ia  lust  it  ttl  v ol  Techno I 
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A model  problem  wan  l ormu I at ed  to  evaluate  t lit*  .u  curnc>  >'t  t ho  Wins  lor 
method  lor  measurinp,  t hr.  o.l  Ticicucv  ut  1. 1 cel  r i.cal  1 v .mall  antennas.  T!u 
antenna  in  the  model  is  a circular  loop  .util  (lie  radial. lot i shield  is  .1 
spline  ira  I metal  slit  I I . Calculated  values  ol  the  actual  ollutoney  and  l ho 
elticiency  that  would  he  measured  us:  ini;  the  Wheeler  Method  are  1 oni|..iri  d 
In  determine  t lit'  aceur.icv  ol  tin  method. 


/ 


\ 

s 


t 

i 

1 

f 


. r 1 


The  radial  inp,  elticiency  ol  an  antenna  i s tie  lined  as 
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It 

• \ 


(1  t 


where  I' 


K 


the.  power  radiated  and 


I’  Hu 

1 1 


power  lost  in  the.  antenna  due  to 


mech.-et  i sm:.  sstieh  as  olm-it  heat  ill)'..  R and  l<(  are  I lie  :.e.'ii  ■ 1 ompo’leiU  a ol 
tin  tcriniii.il  iv.-i'.’.ime  1 1 1 the  ant  ei, mi  (|{  It  t R ) which  represent  the 

■ 1 1 


power  radiated  ;'»d  power  lost.  The  rad  i at  i n>;  eJlieic'iey  is  an  impm-t  am 

parameter  tor  charset  er*  :'i.np,  ••leet  riwil  ly  small  antennas  and  a di'ticult  ".ic 

to  measure.  II.  A.  Wll.slel  Stir.p.o.'it  ed  a simple  net  hod  lor  niessui'i  up,  t lie 

ellieieiicy  usiiip,  a "radial  iiu  shie.ltl"  d l "1 , ^ 1!  | . Uriel  lv,  1 lie  precedin'-  i :.  I.o 

mate  two  .iie.asma  meut  s o|  the.  res  i :•(  once  "I  ill.1  antenna,  mu-  measurement  with 

l lie  antenna  isolated  it  K I It  and  a Seeond  moasni  eiiieiH  with  (he  ant  e.11.1.1 

K I. 


completely  oiiolosod  in  a hip, lily  oouduet  i up.  metal  sliii  Id  K*  . 'iinee.  t.he  shield 
eliminates  Liu.  radial  ion,  l lie  resist  .nice  It'  is  l Ik:  result  ot  the  lo.-.sf.  in 
I'lmaiil  enn.i  and  shield,  K'  =-  R 1 t It,,.  An  ellieieney  ^ can  lie  calculated 

I rom  tin'  two  measured  resist  atiees 
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This  wort  was  supported  in  part  hy  NAHA  emli  r oonli.ict  NAH'i  i’i,-'i i'i’  with  I lie 
l-ilip,  i neer  i up.  Esper  iiiioul  Station.  Cieorp.ia  institute  ul  Tcchii.i  I op,y  . 
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ABSTRACT 


A review  of  inductively  loaded  short  whip  antennas  is  given,  starting 
with  the  1944  measurements  of  Bulger in  and  Walters.  Several  empirical  and 
approximate  theories  will  be  described.  The  moment  method  solution  for 
discrete  loading  will  then  be  covered  with  a discussion  of  the  tradeoff  of 
input  resistance  versus  efficiency,  efficiency  transition  point,  bandwidth, 
and  cryogenics.  Distributed  loading  ar.d  supergain  effects  will  also  be 
included. 


A Review  of  Inductively  Loaded  A, hennas 


It  has  been  known  lor  some  tune  that  the  ellichney  in  improved  wlu*n  tin-  tuning 
coil  in  moved  from  the  monopolc  base  {food  point)  >md  located  in  series  wi*h  Jlv 
monopolc  itselt,  Tho  coil  i:;  fhon  called  a loading  coil.  One  of  the  only  pipits 
in  by  Belrose  [1],  who  analyzes  the  antenna  as  a transmission  line.  Although 
this  analysis  is  only  approximate,  the  trends  are  correct.  Daily  expei  inietit.i1 
work  was  by  Bulgerin  ami  Walters  | 2 J who  measured  a series  «>l  fat  rnoiiopole;. 
at  100  mhi1..  Cap  problems  at  the  lo<iflinq  coil  position  and  relatively  low  u 
coils  have  limited  the  uselulness  ot  these  data,  Harrison  { t)-[*i]  analy/od  tin 
loaded  diiKdo  using  super-position  ol  asymmetrically  excited  dipole:.,  only  .. 
zero  order  solution  is  available  lor  the  asymmetrically  excited  dipole  |(>J,  and 
this  becomes  less  accurate  as  the  feed  point  moves  inward  the  end  llan  i son's, 
results  show  a gradual  increase  in  eilicimey  as  the  loading  point  moved  closer 
to  the  dipole  ends;  his  <iala  essentially  stopped  at  the  2/f  load  point,  i.e,,  the 
loading  coil  located  2/3  ot  the  distance  Ironi  teed  to  end.  Gzerwiiu.ki  |7J,  |«J 
measured  monopolos  constructed  ol  a helix  ot  small  diameter  and  tapered  pitch. 
This  distributed  inductance  is  less  advantageous  than  a discrete  load  lor  narrow- 
band  operation.  Lin,  ot  al  |0]  showed  that  loading  past  resonance  can  produce 
current  reversals  along  the  antenna  with  modest  directivity  Increase  and  sharper 
patterns.  Atony  with  this  modest  superyain  as  one  would  expect  goes  a decreas- 
ed bandwidth. 

The  loading  inductor  functions  by  keeping  the  current  distribution  nearly  constant 
from  tilt'  lend  to  the  load  point,  with  a nearly  linear  decrease  trout  the  load  to 
the  end.  Since  a shod:  monopolc  has  a "triangular"  current  distribution,  the 
loading  increases  the  current  inomeiU,  and  the  closer  lire  load  point  to  tin-  end, 
the  larger  the  increase  in  current  moment.  The  tn-uisiiutting  parameter,  > sli.Hjou 
resistance,  varies  as  current  moment  squared,  and  the  receiving  parameter,  ettee- 
tivo  length,  varies  as  current  moment;  so  inductive  loading  is  dearly  advanta- 
geous. 1’nr  a given  monopolc  and  load  point,  the  value  of  loading  react. me  • that 
most  closely  approximates  the  "constant  plus  linear"  current  distribution  is  not 
quite  .sufficient  to  product?  input  Impedance  resonance.  The  load  value  lor 
resonance  produces  a modest  current  peak  iust  beyond  the  load  point;  the  eurreiif 
moment  is  increased  »,ver  that  of  the  "triangular1'  distribution  by  mote  than  pre- 
dicted by  the’1  "constant  plus  linear"  model  | I t)j . As.  the  load  point  moves  t.-w  inl 
the  monopole  end,  the  resonant  loading  react. nice  value  increases  rapidly  as  the 
load  point  approaches  the  end,  iJiur.e  the  radialio-i  o si;. Unit  e i:.  inen  using  mnn 
slowly,  the  efficiency  must  peak,  unlike  the  calculated  results  ot  1 1 unison 
referred  to  earlier. 
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A LOW  PROFILE  REMOTE-TUNED  DIPOLE  ANTENNA  FOR  THE  30  to  80  MHz  RANCH 

D.  V.  CAMPIiELL 

Communicati ins/Automatic  Data  Processing  Laboratory 
U.  S.  Army  Electronics  Command,  Fort  Monmouth,  New  Jersey  07703 

ABSTRACT 

Tactical  FM  communications  systems  make  extensive  use  of  the  VHF  fre- 
quency range  30-80  MHz.  Efficient  VHF  antennas  for  command  posts  and  vehicles 
are  of  resonant  length  and,  therefore,  large.  Low  profile  monopola  VHF 
antennas  fed  against  ground  p janes  have  been  studied  in  the  past.  The  antenna 
discussed  here,  in  contrast , consists  of  a low  profile  center-fed  dipole 
approximately  one  meter  in  length.  This  dipole  requires  no  ground  plane,  and, 
in  addition,  achieves  a high  eff iciency-to-size  ratio. 

1.  INTRODUCTION 

Tactical  communications  systems  employ  the  VHF  frequency  range  30  _o  80  MHz. 
Resonant  length  VHF  antennas  are  large.  The  antenna  discussed  here  is  only 
one-tenth  of  a wavelength  long.  A high  eff iciency-to-size  ratio  has  been 
achieved. 

2.  SHORT  CENTER  FED  DIPOLE  ANTENNA 

Low  profile  monopole  antennas  have  been  studied  extensively  in  the  past 
[l] , [2].  Monopoles  require  a large  ground  plane  or  vehicle  body  for  their 
operation.  The  antenna  investigated  here  consists,  instead,  of  a short 
(0.1  wavelength)  center-fed  dipole  and  requires  no  ground  plane.  Because  the 
bulky  ground  plane  is  eliminated,  it  can  easily  be  deployed  in  difficult 
environments,  for  example,  in  trees. 

A.  Configuration  of  Antenna 

The  essentiax  features  of  the  dipole  are  shown  in  Fig.  1.  The  radia- 
tor is  center-fed.  The  capacitive  reactance  of  the  dipole  is  cancelled  by 
the  combination  of  fixed  inductance  and  variable  capacitance  connected  in 
series  with  the  feedpoint. 

B.  Antenna  Tuner 

A combined  coarse-  and  fine-tuning  system  is  employed  to  resonate  the 
antenna.  Fixed  low  loss  inductors  are  switched  into  the  antenna  circuit  in 
series  with  the  variable  (fine  tuning)  capacitor.  With  proper  dimensioning 
of  the  inductors,  overlapping  frequency  bands  (sub-bands)  are  obtained.  When 


the  tuning  capacitor  is  set  at  maximum,  C 


the  resonance  frequency  is: 


fl  = 


2ti 


max 


and  when  the  tuning  capacitor  is  set  at  minimum,  C . , the  resonance  frequency 
is: 
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where  1,  is  the  inductance  and  the  antenna  "capacitance. " For  example, 

if  C . C , , and  C arc  5-,  8-,  and  100-pF , rusjiectivuly , then  f /f,  ••  1.24. 
A nun  max  u 1 

If  six  sub-bands  (N=6)  are  used  to  tune  the  antenna  from  "SO  t<'  80  Mil/,,  the 

requited  range  in  each  nub-band  is; 

f /f.  = 'J  /E  , )1/N  = i.177. 
u 1 max  nan 

Thus  the  first  band  would  extend  from  30  to  35.33  the  second  band  from 

35.  33  to  41.6  Mllz,  and  no  on. 

C.  Cable  Choke 

The  feedline  in  connected  to  the  lower  end  of  the  dipole  through  a 
cable  choke  [3],  [4]  consisting  ot  coaxial  cable  formed  into  a coil  or  toroid. 
This  cable  choke  provides  a hiqh  impedance  between  the  end  of  the  dipole  and 
the  feedline.  The  internal  transmission  proper  ties  of  the  feed  line  are  not 
affected  by  the  cable  choke. 

Because  the  cable  choke  is  directly  connected  to  the  end  nt  the 
dipole,  it  significantly  affects  the  current:  distribution  and  >dt  icustry. 
Ideally,  the  cable  choke  should  act  as  an  insulator.  Actually,  the  *\ibl. 
choke  behaves  more  or  less  as  a parallel  LC  tank  circuit  connected  1a. tv,,  cn 
the  end  of  the  dipole  and  tire  feedline. 

3 . THEORETICAL  ANALYSIS 

The  theory  presented  here  is  based  on  Harrison  [2],  who  analyzed  the 
electrically  short  isolated  center-driven  dipole  antenna  with  symmetric  imped- 
ance loading,  and  its  monopole  equivalent-.  Although  his  analysis  involves 
approximations,  it  is  nevertheless  very  clear,  and  permits  inductively  loaded 
menopoles  to  be  designed  with  engineering  accuracy. 

The  antenna  studied  here  is  shown  in  Fig.  2A.  Our  ea:  e differs  from 
Harrison's  in  that  the  feed-  and  loading  points  are  interchanged.  The  figure 
shows  the  center-fed  dipole  with  the  cable  choke  at  its  base  above  an  infinite, 
perfectly  conducting  ground  plane.  The  equivalent  isolated  dipole  i ; .shown 
in  Fig.  3b.  The  dipole  is  driven  at  two  points  located  at  z = < h , is 

loaded  at  its  midpoint  z = 0 by  site  cede  choke  (denoted  by  impedance  27,  ) , 
anu  has  the  local  length  2ii^ . 

The  structure  *;ho#.i!  in  Fig.  FA  approximates  the  case  wh<-i«.  *li<  dipole  is 
mounted  on  a ground  t i use  at  ve‘t  i t-'i  r . '•’hi:;  modi  1 is  usefu*  for  et  f 1 1 i oury 

eonsiderat ions 

The  antennas  of  Fig.  2 can  t»-  .on  lye  :■•  bv  • o 1 low i n<j  a piet.-.imt  ; iK.ii.tr  to 
Harrison's.  We  find  that  the  fei.dpojnf  Impedance,  and  ll.  valiant 
the  cable  choke,  V , are  respectively: 
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(Data  ref ern  to  antenna  dimensions  shown  in  fiyure  below.) 
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MULTI -ELEMENT  MONOPOLE  ANTENNAS 


G.  GOUBAU 


ABSTRACT 

The  antennas  discussed  in  this  paper  are  assemblies  of 
closely  spaced  short  monopoles  with  top  capacitors  anil 
inductive  interconnections.  They  radiate  like  ordinary 
monopole  antennas,  but  can  be  desiyned  to  have  bandwidth:; 
exceeding  Is 2. 


The  unt-eiinas  discussed  in  this  paper  can  be  deriveit  trom  a short 
tuick  mohopole  with  tup  capacitor  as  shows  in  I'i'j.  1.  The  thick 
conductor  is;  replaced  by  .1  iitunl>ei  <>1  thin  1 onduct ors , and  tie-  toj 
capacitor  divided  into  a corn  snondi  tut  number  oi  segment:; , one  con- 
nected to  each  ol  these  conductor  ,t  .is  illustrated  in  Pit).  2.  I11 

Uua  manner  one  obtains  an  assembly  of  close ly-spaeed  mmiopol es 
which  are  t'ed  by  a common  source,  rt  .ill  these  sut.-monnpnles  an 
a’ ike  and  symmetrically  art  .in-p-d,  they  can  la-  intei  i.imiio  Led  al 
tile  top  by  inductances,  as  indicated  by  the  loops  in  I'l'i.  2, 
without  aft ecl  ili'l  the  ylcctl  ie  properties  ol  tin  assembly.  Tills 
means  the  structure  ot  l'id.  2 behaves  like  the  sin'iTe  moiiopole  o, 

1 id.  1, 

dow  assume  that  tin-  lilt  civoniicct  ions  ol  Liu-  sub-monopole*.  neai 
the  ground  plane  are  removed,  and  . ill  tin-  sub-monopole-,  c-n-ited  by 
individual  sources  of  the  sain.-  lri-.p-.-ney  as  il  ln-.tr.it  ed  in  Piij.  t. 
Then,  the  stiuetnre  represents  a ladialinM  N-pnr*  network,  wln-re  M 
is  till-  lilllllln-l  ol  sllb-inonopoles.  The  iel.itlon  in-tween  t tie  <-iit  rents 
f(l  in  Liu*  sub-inonopoles  .mil  the  vol tables  V1(  at  tin  inpul  terminals 
can  be  1 oi  mill. it  ed  by  an  admittance  m,il>  ix: 

'I 

1 ■ V V ; y = V ■ { I ) 

n . 11111  in  mu  mi. 

in  i 


Tin-  oi n*t  I !«•  i ••ill  Y «>1  this  ii<iin it  f iu.it  i ix  nut  <»n 

Liu-  ilimi-ns  ions  ol  Hie-  :.ub-moiii.-(iiilis  and  tlu-ir  spatial  at  1 ..n-leiii.  nt  , 
but.  also  on  tin-  mti  1 1 mii.ii'l  iii-l  iiului  lance-.. 
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II  a!  ! the  i»ub— ihjmu|h>Li.j»  an:  alike  and  «u  ran<n*<l  symmett  ica  1 ly , so 
Ui.it  earn  Miij-imniopitlf  Ix-liajr:;  ntent  ir.il  ly  within  tln«  assrnn ly 
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AN  EXPERIMENTAL  AND  THEORETICAL 
INVESTIGATION  OF  THE  CIRCULAR  DI5C, 
PriNTED  CIRCUIT  ANTENNA 


Stuart  A.  Long  and  Liang  C.  Sheri 
Department  of  Electrical  Engineering 
University  of  Houston 
Houston,  Texas  77001) 


Abstract 


A circular  conducting  disc  over  a ground  plane  is  investigated  as  a low- 
profile  antenna.  The  input  impedance  and  radiation  pattern  are  measured  as  a 
function  of  frequency  and  the  thickness  of  the  antenna.  An  approximate  theo- 
retical solution  is  also  derived. 

Introduction 


The  broad  class  of  printed  circuit  antennas  consists  of  various  shapes  of 
flat  radiators  parallel  to  and  very  near  a laryt  ground  plane.  Most  practical 
examples  are  etched  on  one  side  of  a microwave  printed  circuit  board  and  there- 
fore a dielectric  fills  the  region  between  the  radiator  and  the  ground  plane. 
Such  a structure  can  be  mode  to  radiate  relatively  efficiently  in  a direction 
normal  to  the  ground  plane  while  remaining  quite  thin  with  respect  to  a wave- 
length. This  low-profile  characteristic  along  with  Its  ruggedness  and  ease  of 
fabrication  have  resulted  In  an  increasing  application  of  these  antennas  to  a 
wide  variety  of  differing  systems  [l,2,3]- 

Circular  Disc  Radiator 

One  particular  printed  circuit,  antenna,  the  circular  disc  radiator,  was 
chosen  for  a systematic  and  careful  experimental  investigation.  (See  figure  1.) 
Using  standard  photo-etching  techniques  common  to  all  printed  circuit  fabrica- 
tion the  circular  disc  could  be  made  quite  accurately.  The  radiators  were 
designed  to  be  resonant  at  2.9(>Hzby  choosing  their  radius  "a"  such  that  ka  ■ 
1.86.  This  corresponds  to  resonance  of  the  lowest  order  node  as  determined  by 
au  analysis  ol  the  circular  disc  resonator.  The  antennas  were  fabricated  on 
teflon-fiberglass  (i r ■ 2.36)  printed  circuit  boards  of  four  diflurvnt  thick- 
nesses varying  from  0.13  to  1.52  mm  (0.0053  inch  to  0.0599  inch).  The  circular 
disc  was  driven  at  its  edge  from  the  underside  of  the  ground  plane  using  a 
panel  mounted  coaxial  feed.  The  magnitude  of  each  component  of  the  far  iieltl, 
was  then  measured  as  a function  ot  »l,  fui  various  constant  values  of  <|i.  Radi- 
ation patterns  were  taken  for  each  ot  the  tour  different  thicknesses  of  the 
primed  circuit  board.  In  addition  the  driving  point  impedance  was  measured 
as  .i  1 unction  ot  frequency  lor  each  thickness  ot  the  dielectric  using  a rietwuik 
analyzer . 


Lxper inmnta  1 lies  u 1 1 s 

The.  radiation  fields  In  the  two  inujoi  planes,  Ly  lot  4>  " 0,  ai.d  l ,j,  for 
<j.  ■-  50w  are  shown  In  figure  as  a function  *»f  the  polar  angle.  The  pittem 
is  seemingly  not  dependent  on  the  thickness  "d"  tn  any  apprei table  degree  and 
patterns  fur  the  othei  th  i i Loesses  nut  shown  ref  leel  this  .ante  betiavioi  . At 
the  design  fieqiiency  the  patterns  are  seen  to  be  quite  broad  in  but  It  print  ipat 
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planus  with  a 3<iB  beam  width  of  approximately  115°  for  Eq  and  90°  for  E^,.  It 
should  be  noted  that  in  the  plane  of  t' e anter.r.a  (0  - 9G°)  the  fields  arc  in- 
herently different.  has  a deep  null  in  the  plane  hut  Ep  lias  only  been  re- 
duced 20dB  from  the  maximum.  Each  pattern  begins  to  degrade  slightly  as  the 
frequency  is  changed  from  the  designed  2.9  GHz.  The  most  apparent  change  is 
a dip  in  field  strength  of  4 to  5 dS  at  0 = 0 for  a change  in  frequency  to 
3.1  GHz.  This  of  course  represents  a serious  degradation  and  emphasizes  the 
frequency  dependent  nature  of  the  antenna.  The  real  and  imaginary  parts  oi  the 
complex  input  impedance  are  shown  as  function  of  frequency  for  each  of  the  four 
thicknesses  in  figures  3 and  k.  Here,  the  effect  of  the  thickness  on  the  impe- 
dance of  the  antenna  is  shown  quite  graphically.  The  value  of  "d"  is  seen  to 
effect  both  the  frequency  for  which  the  impedance  is  totally  real  and  the  value 
of  the  resistance  ot  this  point.  The  maximum  resistance  varies  from  only  27 
ohms  for  the  case  of  d - 0.13  mm  to  more  than  350  ohms  for  d = 1.52  mm.  The 
frequency  a..  which  this  maxi  mini  resistance  occurs  coincides  very  closely  with 
the  point  that  the  reactance  crosses  the  axis.  This  "experimental  resonance" 
position  is  seen  to  vary  considerably  for  differing  values  of  the  thickness, 
but  in  all  cases  remains  within  <i  range  of  10£  below  the  design  value  of 
2.9  fill/. 


Mode  1 o f Circular  Oi sc ^ Printed  Circui 1 Antenna 

to  permit  a more  detailed  study  of  the  circuit  properties  of  the  radiating 
structure  a model  of  the  actual  printed  circuit  antenna  was  made  of  a thin 
circular  plate  sep  n oted  from  a ground  plane  by  a slab  of  styrofoam  as  shown  in 
figure  5.  The  use  of  styrofoam  (>  r **  1.02)  as  the  dielectric  permits  the  cir- 
cuit properties  to  be  measured  without  the  discontinuous  dielectric  layer  pres- 
ent, as  if  all  the  area  surrounding  the  radiator  were  air.  In  addition  the 
model  also  allows  the  antenna  to  be  driven  at  several  points  along  a radius 
from  the  renter  of  the  disc  to  the  outer  edge.  In  this  fashion  the  functional 

dependence  of  the  impedance  on  the  position  of  the  feed  point  may  also  be 
found.  The  entire  procedure  can  also  hr  repealed  with  a different  thickness 
of  styrofoam  to  investigate  the  behavior  of  the  circuit  properties  as  a function 
of  tlic  sp. icing  between  the  disc  and  ground  plane.  Alternatively  a dielectric 
slab  ot  the  same  thickness  might  be  used  to  measure  tin-  dependence  ol  the  Impe- 
dance on  the  dielectric  constant. 

Cure*  nl«.  and  t jo  Ids  tor  the  C i i cular  Disc  Resonator 

lhe  circular  disc  slrrictme  shown  in  figure  1 I s -equi  v.i  lent  to  {tie.  (i.itaPel 
plate  .inteniia  shown  in  1 igure  0 it  the  -'round  plane  is  sut I i cient  ly  in.ge  so 
that  image  theory  tan  he  applied  and  ll  the  permittivity  oi  the  dielectric  is 
approximately  the  ".nine  as  that  of  the  surrounding  medium.  The  fields  'nside  the 
parallel  plate  legion  and  rite  cuiirnts  on  the  disc  have  previously  been  lounT 
using  .a)  analysis  ot  tile  ivsuh.iiu «•  conditions  in  eiicular  disc  structures  [4]. 
The  se  i chi  I Is  can  then  be  used  to  in/esl  iaate  Lite  i.idialiuu  piopeiiles  of  iln- 
striiiliiu.  to  letain  the  -li"  i.abli  ’owpiotlle  i aar.K  ter  i : t ics  the  thickness 
oi  t In-  anti  mi. i,  wt  icli  is  t lit  sepal  at  imi  distance  "d"  K l f t III!  f I i % C f It  Ml.  till-  Ip'liuilll 
plane,  must  lemain  -..nail  compared  ti  a wave  lc  n«,t  I- . iol  this  reason  <i  "Id  iOit- 
Mgm.it  loir,  Li'twcs  n the  pi, iic*.  having  only  i i i c unite  inn  i j ,| ) and  i.idiai  vuria'lonv 
lint  no  vaiiat  ion  m tin-  / diieitioii  leave  been  invest  Ig.iH.  Ibis  i".  a i rostni- 

.ihli  .i  .ain.pt  ion  so  long  a-,  tin  le.tiiilion  d is  let. lined.  lm-  , ivjionenls  of 

tile  fields  lii-lwren  tin  pi. lies  can  in  e>pi  essetl  in  till',  ot  a / elite  « led  elc-ctlil 
licit/  Vecti.|,  and  these  tlelUs  may  belt  In  IIS' c1  to  i 'lilllali  tin-  sinl.ae  .in 
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rents  on  the  circular  disc.  The  radial  component  of  the  surface  current  and 
hence  must  vanish,  however,  at  the  edge  of  the  disc.  Thus  for  each  mode 

configuration  a particular  radius  can  be  found  for  resonance  corresponding  to 
zeros  of  the  derivative  of  the  Bessel  function.  The  mode  corresponding  to 
n = I and  ka  = 1,84  has,  for  any  given  frequency , the  minimum  diameter,  and  is 
therefore  the  dominant  mode.  The  field  components  for  this  mode  cat  be  found 
from  the  more  general  expressions,  and  the  surface  currents  calculated. 


E?  ■ E0  J)  (kr)  cos  if) 


K<J*  " ^IT  Eo  J1  sin  <*> 

k r 


" “■^ir  Eo J!  (kr)  cos  4> 


Calculation  of  the  Far  Fields 

To  find  the  radiation  fields  of  this  structure  the 
be  calculated  for  the  distribution  of  surface  currents 
ly  derived.  Using  image  theory,  tire  plate  a distance  d 
plane  is  equivalent  to  two  discs  a distance  2d  apart, 
can  be  calculated  to  account  for  the  two  discs  and  the 
be  found  for  the  n = ] mode  for  the  cavity  filled  with 
prouch  to  find  the  radiation  fields  Is  also  possible, 
rents  as  the  source,  the  fields  at  the  aperture  between 
plane  may  be  represented  by  equivalent  magnetic  surface 
fields  calculated  from  them.  The  following  fields  are 
with  the  cavity  Filled  with  air. 


vector  potential  may 
that  have  been  previous" 
above  an  infinite  ground 
An  effective  array  factor 
total  far  fields  can  then 
air.  An  alternate  ap- 
his teed  of  Uoiny  the  cur- 
ihe  disc  and  the  ground 
currents  and  the  lur 
found  for  the  n » 1 inode 


-Jk  r 

E()  ■ -jL0  - — - — a k0d  <os  <|>  .1 1 (k0a)  Jj  (kQa  sin  0)  . 
L,J,  * -iLo  ~ ( - d sin  <1-  J,(k0a)  J,(k(a  sin  (>) 


For  our  previous  assumption  of  d- • A()  o"  k,,d-'*  1 the  fields  found  using  *he  two 
methods  are  essentially  equal.  With  the  knowledge  of  the  radiation  fields  the 
total  radiated  power  and  the  directive  gain  can  lie  colt  ulated.  ‘Js i mi  the 
previously  found  current  di sit  (but  ion  the  losses  due  to  the  finite  toiitfut  t i vi  ty 
of  the  disc  and  thus  the  efficiency  can  also  he  found. 

Fat  fields  wi th  u Dielectric 


Vi 


An  approx i:v»t inn  fo  the  far  fields  can  he  made  lot  the  more  usual 
•then  a dielectric  with  a permittivity  different  from  the  sun  minding  free 
spare  sep.ir.it*-*.  the  dist  from  the  ground  plane.  The  fields  can  In*  calculated 
as  before  using  the  equivalent  i.t.iijnet  1 1 current  model  if  t lu-  dielectric  outside 
the  cavity  is  neglected.  The  fields  inside  will  champ-  as  will  the  siz<-  of  the 
diit  necessary  tor  resonance  in  the  n I mode,  lire  new  fields  fo«  the  domin- 
ant modi!  arc  as  follows. 


jk  r 


' f, 


k,,,l*  cl  J j (k.t  1 ) COS  <p  .1  | fk(|*l  1 sill  1 1 


Si  . 


E*  " Jfo  £— r“d  Jl(k<5‘)  tfH-  Sln  ♦ Jl(koJ'  S,M  ") 

Not«s  that  ka  1 » i.8l|  and  a1  ■ a//-^-  which  means  Hint  t he  physical  size  of  the 
disc  has  been  reduced.  Usiny  the  same  technlf|tirs  as  he  I ore  tho  total  radiated 
power  can  be  found.  It  can  also  bu  shown  that  the  power  losses  due  to  the 
finite  conductivity  will  he  exactly  the  same  and  Is  thus  not  dupc'idoni  tin  the 
value  ol  t.r.  Ii  this  case,  howevei  , there  does  exist  the  poss'hlllty  tit  nddl 
tlonal  losses  it  the  dielectric  Is  not  Ideal.  1 htisc  losses  can  lie  found  tiom 
the  fields  In  the  cavity  and  the  efficiency  nine  again  calculated. 
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[It]  J.  Watkins,  "Circular  Kcsnitjnt  Sliiictuirs  In  Mlcrostt  Ip,"  I I ml  run  It 
Letters,  Vol.  S,  No.  21,  Oct.  lb,  b’J. 
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|.  . Introduction 

Why  is  the  Air  Force  interested  in  VLF  propagation?  There  ere 
three  principle  advantages;  these  are  1)  propagation  is  less  affected  by 
ionospheric  disturbances  than  HF  propagation  2)  there  is  a relatively  slow 
fading  rate  at  VLF  and  3)  communication  with  submerged  antennas  is  possible 
to  some  extent.  There  are  also  problems.  The  principle  ones  are  very  large 
antennas  physically,  low  bandwldths,  and  high  atmospheric  noise  levels.  It 
is  primarily  the  increased  reliability  that  advances  the  use  of  VLF  to  the 
Air  Force  for  an  Airborne  Command  Post.  The  efforts  of  the  Air  Force  in  VLF 
airborne  communication  is  reviewed  from  the  initial  work  sixteen  years  ago 
to  the  present  operating  system  (and  possible  future  ones)  with  consideration 
of  the  major  technical  problems. 

I I . Power  Box 

In  I960  and  1961,  8oeing  conducted  a series  of  tests  for  the  Air 
Force  on  an  LF  trailing  wire  system  called  Power  Box.  These  tests  had  three 
objectives;  1)  to  determine  the  feasibility  of  radiating  LF  from  an  aircraft 
2)  to  measure  field  intensities  at  various  distances,  and  3)  to  determine 
the  practicality  of  trailing  a long  wire  from  a jet  aircraft.  These  tests 
ranged  in  frequency  from  60KHz  to  300KHz.  The  test  ai  rcraft 'was  flown  over 
Wisconsin  with  eighteen  receiving  sites  scattered  around  North  America. 

The  cintenna  for  this  series  of  measurements  was  a long  wire  (up  to 
3000  feet),  reeled  out  from  the  lower  bottom  of  the  aircraft  and  towing  a 
aerodynamic  body  to  lower  the  trailing  end  of  the  wire.  The  wire  was  fed 
against  the  aircraft.  Since  the  aircraft  was  so  small  electrically,  the 
antenna  is  basically  an  end-fed  dipole.  Airspeed  and  weight  of  the  aero- 
dynamic body  control  the  average  trailing  angle  of  the  wire  from  horizontal. 
Although  the  TE  wave  mode  propagates  with  less  attenuation  at  LF  and  VLF,  it 
is  more  difficult  to  receive  horizontal  polarization  close  to  the  ground.  For 
this  reason  and  since  the  vertical  component  of  these  tilted  dipoles  radiate 
uniformly  in  azimuth,  the  vertical  E field  radiation  was  and  still  is  the 
desired  radiation  polarization.  For  this  program,  ranges  of  greater  than  1000 
nautical  miles  were  reasonable  for  transmitter  power  on  the  order  of  2.5KW. 

The  principle  problems  for  these  tests  were  corona  discharge  and  wire  breakage 

III.  ARC-96  and  TACAMO  IV8 

, After  considerable  study,  the  Air  Force  developed  a practical  VLF 
airborne  system  modeled  after  the  Power  Box  LF  antenna.  There  were  just  two 
significant  changes  in  the  antenna.  First,  i t was  increased  in  length  to 
provide  for  the  lower  frequencies  and  a stabilizing  drogue  replaced  the  aero- 
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d;namic  weight.  This  change  resulted  in  a smaller  vertical  component,  hence 
less  power  was  radiated  into  the  desired  vertical  polarization.  The  transmitter 
power  was  increased  but  breakdown  due  to  end  feeding  limited  the  increase. 

The  strength  and  reliability  of  the  wire  were  also  increased  leading  to  less 
breakage  probh  ns.  This  system  was  designated  the  ARC-96.  A somewhat  similar 
system,  TACAMO  IV8,  was  developed  by  the  Navy.  In  the  VLF  system,  the 
airplane  trailed  two  wires,  cne  with  a drogue  and  one  with  a weight.  For 
transmitting  periods  the  plane  flew  in  a specified  circular  pattern,  allowing 
the  end  of  the  longer  weighted  line  to  droo  vertically.  This  greatly  increased 
the  vertical  component  of  radiated  power.  The  stationary  location  of  the 
aircraft  for  the  critical  transmit  periods  is  not  an  acceptable  concept  to  she 
Air  Force.  Apparently,  the  stationary  location  of  the  TACAMU  IVB  and  the  low 
efficiency  for  the  vertically  polarized  energy  coupled  with  a larger  aircraft 
induced  the  Air  Force  to  examine  a more  advanced  system. 

IV.  Multiwire  Antenna 

The  advanced  antenna  consisted  basically  of  three  trailing  wires  and 
is  called  the  multiwire  system.  An  upper  wire  with  its  own  reel  trailed  at 
a close  to  horizontal  angle.  A second  shorter  wire,  streamlined  and  attached 
to  a streamlined  weight,  trailed  at  an  angle  much  closer  to  vertical.  This 
wire  increased  the  vertical  radiated  component  by  greater  than  an  order  of 
magnl  ude  over  the  range  of  operating  frequencies.  The  third  wire  was  unreeled 
from  the  streamlined  weight  on  command  from  the  airplane.  This  wire  also 
trailed  close  to  horizontal.  The  deployed  antenna  appearance  is  that  of  a 
ietter  U on  its  side.  At  the  junction  of  the  upper  wire  and  the  near  vertical 
streamlined  wire  is  the  feed  point.  (As  was  the  case  for  the  ARC-96  antenna, 
the  final  ten  or  fifteen  percent  of  the  horizontal  trail  inf  wires  droop  a 
little  toward  vertical). 

This  U-shaped  antenna  has  two  important  advantages  over  the  ARC-96 
antenna:  first,  the  vertical  efficiency  is  about  an  order  of  magnitude  better 

because  of  the  greeter  vertical  extension,  second,  the  antenna  is  fed  closer 
to  the  center  enabling  a much  higher  transmitting  power  to  be  used.  In  addition, 
the  shorter  sections  of  wire  decrease  the  possibility  of  breakage.  More 
importantly,  the  combination  of  higher  vertical  efficiency  and  increased  power 
handling  increase  the  effective  range  significantly. 

With  these  great  advantages,  there  were  also  several  important  dis- 
advantages. This  antenna  was  far  more  complex  requiring  three  separate  reels, 
cne  of  which  was  in  the  streamlined  weight.  The  streamlined  cable  required  a 
fabrication  procedure  of  very  close  tolerance  to  prevent  aerodynamic  Insta- 
bility. Generally,  the  complexity  of  the  system  increased  the  antenna-trans- 
mitter system  weight.  Finally,  the  change  in  location  of  the  feed  point  to  a 
more  central  position  sharply  reduced  the  system  bandwidth.  Primarily  because 
of  the  greater  complexity  and  weight,  the  Air  Force  moved  from  the  multiwire 
antenna  to  a more  modest  system. 


V. 
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Hodified  Trailing  Wire 

The  present  proposed  system  consists  of  two  wires,  one  upper 
shorter  length  of  wire  terminated  with  a drogue  and  a longer  section 
terminated  with  an  aerodynamic  body.  Neither  wire  would  be  streamlined. 

The  total  length  for  this  system  is  approximately  the  same  as  the  multi- 
wire system  or  the  ARC-96  antenna  (i.e.,  a resonant  length).  One  can  then 
see  that  the  effective  radiation  resistance  would  oe  smaller  for  this  antenna 
than  the  other  two  and  the  vertical  projection  would  be  less  giving  somewhat 
less  vertically  radiated  power.  Because  this  antenna  is  fed  closer  to  the 
center,  a larger  transmitted  power  is  possible  than  the  ARC-96.  This  system 
is  not  exceedingly  complex.  It  is  close  to  the  present  TACAMO  1VB  in  system 
components.  As  a compromise  antenna,  it  is  a very  good  practical  choice, 
but  other  antennas  are  likely  based  on  the  current  problem  and  new  research. 

V I ■»  Possible  Antennas 

What  type  antennas  are  likely  to  emerge?  Two  possibilities  are 
obvious.  One  would  be  another  attempt  to  Increase  the  vertical  component  of 
the  antenna  again  by  the  use  of  streaml ined  cables  and  weights.  Additional 
research  and  development  work  based  on  reducing  the  system  weight  and  com- 
plexity of  a multiwirs  antenna  might  yield  more  feasible  techniques. 

The  other  possibility  is  using  the  antenna  at  ELF  frequencies.  The 
current  ELF  ground  based  transmitter  is  extremely  inefficient  because  of  the 
size  and  close  coupling  to  the  lossy  ground.  An  airborne  ELF  antenna  would 
be  smaller  but  better  In  terms  of  ground  loss.  Such  an  antenna  would  be  an 
electrically  small  antenna  although  very  large  physically.  The  major  ad- 
vantage of  these  frequencies  is  that  communication  with  submarines  is  much 
more  feasible  because  of  the  decreased  wave  attenuation  in  the  water.  In 
addition,  air  propagation  losses  are  also  lower  and  there  is  great  difficulty 
locating  ground  sites  for  ELF  transmitters  because  of  high  ground  conductivity 
and  objections  of  environmentalists. 

In  summary,  there  has  been  a fairly  rapid  evolution  of  airborne 
antennas  in  the  LF-VLF  range.  These  antennas  provide  stable,  reliable,  long 
range  communication,  all  very  important  features  to  the  Air  Force.  There  are 
still  many  problems.  The  ARC-96  antenna  has  poor  power  handling  applicability 
and  vertical  radiation  efficiency.  The  multiwire  antenna  is  too  heavy  and 
complex  and  the  new  system  may  suffer  bandwidth  and  vertical  radiation  efficiency 
problems.  Because  the  need  is  there,  an  ELF  electrically  small  antenna  may 
be  a future  possibility.-  Such  an  antenna  would  have  many  technical  problems 
to  overcome. 
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THE  UMBRELLA  TOP -LOADED  VERTICAL  RADIATOR  FOR  USE 
AT  MEDIUM  FREQUENCIES 
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John  S,  Bel rose 

Radio  Communications  Laboratory 
Communications  Research  Centre 
Department  of  Communications.’ 
Ottawa,  Canada 


ABSTRACT 

If  the  physical  height  of  a vertical  antenna  is  short 
compared  with  a quarter  wavelength  some  form  of  capacitive  top 
loading  must  be  employed  to  reduce  tht  capacitive  reactance  of 
ttie  antenna  and  to  increase  its  radiation  efficiency.  At 
VLF/LF  two  or  more  towers  are  usually  employed  to  support  some 
form  of  extensive  top  loading,  and  an  antenna  tower  or  a central 
insulated  tower  is  employed  for  the  radiator.  A single  grounded 
tower  radiator  is  a more  practical  antenna,  particularly  for  use 
at  >T.  The  base  insulator  can  be  dispensed  with  hy  feeding  the 
tower  ns  an  open  circuited  transmission  line,  terminated  in  the 
reactance  of  the  top  loading  (a  method  that  does  not  seem  to  be 
mentioned  in  published  articles  on  ground  plane  vertical  antennas). 
Umbrella  top  loading  of  the  vertical  radiator  is  the  most  gainful 
way  to  improve  the  radiation  efficiency  of  a single  tower  antenna. 
The  radiation  efficiency  of  an  umbrella  top  loaded  antenna  exceeds 
that  for  a T-  or  L-type  antenna  employing  two  towers  each  half 
the  height  of  the  single  tower  radiator  (-i.e.  antennas  that 
utilize  the  samL  number  of  tower  sections). 


The  umbrella  top  loading,  consists  of  a number  of 
wires  strung  obliquely  to  the  ground  from  the  top  of  the 
radiator,  and  insulated  from  the  ground  (*ith  or  without  a 
skirt).  This  antenna  was  first  used  by  Smith  and  Johnston  at 
broadcast  frequencies  in  1947,  and  later  by  Belrose  et  al.  at 
LF.  Since  the  -urrent  on  the  umbrella  wires  has  a vertical 
component  that  .s  oppositely  directed  to  the  current  on  the 
tower,  the  radiation  from  the  umbrella  wires  in  part  cancels 
the  radiation  from  the  top  part  of  the  tower.  Thus  as  the 
length  of  the  umbrella  wires  are  increased,  the  radiation 
resistance  increases  and  then  decreases,  wh  reas  th*'  antenna 
reactance  decreases  continuously  for  increase  in  length  of  the 
umbrella  wires  for  operation  on  frequencies  below  the  fundamental 
frequency  of  the  antenna. 

The  dependence  o£  the  antenna  reactance  and  radiation 
resistance  on  antenna  parameters  (length  and  nijjnber  of  umbrella 
radii.l.s)  was  obtained  by  model  measurements  for  short  umbrella 
antennas  (employing  model  frequencies  in  tie  range  2-100  Mils;) 
and  measurements  of  radiated  fieJLd  strength  were  measured  at 
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7785  kHz.  The  results  are  summarized  in  a very  compact  way,  by 
plotting  the  data  as  ratios  of  the  height  of  the  antenna  to  the 
wavelength  and  as  ratios  of  operating  frequency  to  the  fundamental 
frequency  oi  the  antenna,  which  can  oe  readily  used  to  design 
umbrella  top  loaded  antennas  for  any  frequency.  Design  data,  as 
an  example,  for  resonant  and  non-rcsonant  antennas  for  operation 
on  160  M are  discussed^ 
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ELECTRICALLY  SMALL  ANTENNAS:  THEORY  AND  EXPERIMENT 
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ABSTRACT 

The  difficulties  with  electrically  small  antennas  are 
well  understood,  and  arc: 

1 . the  loss  resistance  for  the  antenna  is  greater  than  the 
radiation  resistance  and  hence  the  radiation  efficiency  is 
low; 

2.  since  the  antenna  is  non-resonant  a tuning  network  must  be 
employed  to  match  the  reactive  impedance  of  the  antenna  to  the 
50  ohm  impedance  required  by  most  transceivers;  and 

3.  since  the  antenna  is  highly  reactive  the  bandwidth  is  small. 

The  need  for  an  antenna  matching  netwo  :L  results  in  additional  loss. 
While  the  expected  performance  for  electrically  small  antennas  is 
closely  predictable,  the  claimed  radiation  efficiencies  for 
particular  antennas  is  sometimes  greater  than  is  practically 
rea liveable.  Specifically,  the  radiation  efficiency  for  short 
centre  loaded  vertical  whip  antennas  has  been  claimed  to  be  as 
much  as  14  dB  greater  than  for  a base  loaded  antenna  of  the  same 
physical  height  (Spilsbury,  1973),  yet  theoretically  (backed  by 
experimental  measurement)  one  should  expect  only  a few  decibels 
diflerence  (Belrose,  1953). 

Rather  impossible  efficiencies  have  also  been  claimed  for 
the  low  prof iie  directly  driven  ring  radiator  (DDRR)  which  is  an 
antenna  that  is  par ticularly  misunderstood  (Belrose,  1975).  The 
efficiency  of  small  loop  antennas  seems  also  to  have  been  exagerated 
(Patterson,  1967;  McCoy,  1968),  since  even  if  the  loss  resistances 
could  be  reduced  sufficiently  to  achieve  the  claimed  radiation 
efficiencies,  the  bandwidth  of  the  antenna  would  be  excessively 
narrow. 


The  purpose  of  this  paper  is  to  review  the  fundamental 
lim ' ..»*"ions  of  small  and  low  profile  antennas,  and  to  compare 
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i hi’oretica1  with  experimental  radiation  efficiencies.  While  the 
remarks  to  be  made  are  not  new  or  state-of-the-art  ideas,  there 
seems  to  be  miscomprehension  and  confoversy  over  the  practical 
performance  that  can  be  achieved  with  small  antennas. 
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ELECTRICALLY  SMALL  COMPLEMENTARY  PAIR 
ANTENNAS  AND  SCATTERERS 

K.  G,  Schroeder 
The  Aerospace  Corporation 
El  Segundo,  California  902.45 

ABSTRACT 

Electrically  small  (reduced  size)  antennas  are  inherently  narrowband, 
or  inefficient,  or  both.  A summary  is  presented  of  prior  work  on  electrically 
small  antennas  using  capacitive  tuning  to  optimize  the  impedance  match  and 
efficiency  of  such  structures.  The  design  of  electrically  small  complementary 
pairs  is  described,  and  preliminary  measurement  results  are  shown  for 
monopoles.  These  measurements  indicate  a substantial  improvement  in  gain- 
bandwidth  product  as  compared  to  conventional  matching  techniques  for  elec- 
trically small  antennas. 
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Whenever  available  installation  height  is  limited,  the  antenna  can  he 
foreshortened  so  as  to  fit  into  the  limited  space.  This  causes  the  antenna 
impedance  to  become  very  reactive.  Past  practice  was  to  tunc  out  the 
capacitive  reactance  by  means  of  an  inductor,  or  to  transform  the  reactance 
and  use  a variable  capacitor  for  tuning  (Fig.  1).  This  renders  such  an 
"electrically  small"  antenna  narrowband,  and  its  elficiency  is  reduced  by 
losses  occurring  in  the  tuning  circuits.  This  problem  becomes  substantial 
for  radiator  lengths  of  less  than  X./8, 

An  alternate  approach  for  tuning  a short  dipole  or  monopole  consists 
of  using  two  of  the  antennas,  which  are  mutually  coupled,  and  matching  the 
input  reactance  of  one  with  the  reactance  of  the  other  after  it  has  gone  through 
an  inversion  circuit.  This  inversion  circuit  is  realizable  in  the  form  of  an 
externally  complementari-zed  hybrid  feed  circuit  similar  to  the  one  described 
previously  for  resonant-height  antennas  [2].  Mutual  coupling  between  the  two 
elements  in  the  pair  can  be  adjusted  in  a constrained  design  volume  by  varying 
(a)  the  length-to-diameter  ratio  of  the  elements,  and  (b)  the  element  spacing 
and  feed  cable  length  differential  for  phasing. 

A monopole  configuration  of  the  ESCP  (Electrically  Small  Complementary 
Pair)  was  described  in  [3).  The  monopoles  were  of  small  length-to-diameter 
ratio  (Fig.  2)  and  their  combined  input  impedance  is  shown  in  Fig.  3.  The 
total  matching  loss  for  this  pair  is  depicted  in  Fig.  4,  which  includes  the 
loss  incurred  if  the  reoidual  mismatch  at  the  hybrid  sum  port  is  totally 
converted  into  loss  of  power.  In  the  case  of  a scatterer,  one  can  visualize  a 
matching  circuit,  which  partially  reclaims  this  mismatch  loss  by  transferring 
the  impedance  at  the  lower  frequencies  only;  this  is  now  feasible  since  only 
p relatively  small  reactance  is  involved.  For  this  case,  the  equivalent  radar 
cross  sect'-on  (RCS)  can  be  approximated  as  shown  in  Fig.  5.  This  is  plotted 
as  the  top  curve  in  Fig.  6.  If  one  makes  allowance  for  2.  5 d.B  additional 
one-way  matching  loss  (e.  g.  , due  to  the  above  mentioned  tuning  device. 
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cable  losses,  ohmic  losses  in  the  radiators  etc),  the  lower  RGS  curve  in 
Fig,  6 results,  i,  e,  , a plot  5 dB  below  the  previous  one,  (This  is  obviously 
conservative,  ) 

Finally,  a reflection  type  amplifier  could  be  employed  to  shape  the 

response  curve  as  given  in  Fig.  7,  for  conservative  gain  of  3 dB  .a  the 

amplifier,  A comparison  was  now  made  between  this  ESCP  scatterer,  and 

other  possible  techniques.  The  best  alternate  solution  presented  in  the  past 

consisted  of  dual  arrays  of  crossed  shorted  dipoles,  tightly  coupled  in  the 

endfire  dimension.  Since  the  dipoles  were  thin,  they  were  narrowband, 

and  the  double -tuned  curve  showed  a large  dip  in  between  the  two  peaks 

(Fig.  8),  Neglecting  this  dip,  a total  bandwidth  Af  in  percentage  can  be 

assigned,  and,  multiplied  with  the  measured  peak  efficiency  ol  50%,  yields 

a gain/bandwidth  product  G/G  X if  % = 0.  1.  The  same  factor  for  the  passive 

o 

ESCP  antenna,  with  a conservative  2.5  dB  additional  loss,  is  0.2,  It  should 
be  pointed  out  that  the  comparison  is  in  favor  of  the  dipole  arrays,  since  they 
can  only  be  used  as  scatterers,  and  no  feed  point  is  available  to  drive  them 
as  ar;  antenna. 

A number  of  other  electrically  small  antenna  types  were  analyzed, 

and  were  all  found  to  have  <0.1  gain/bandwidth  product.  Since  some  of 
the  approaches  require  DC  power  to  drive  matching  networks  and/or  amplifiers, 
direct  comparison  with  passively  matched  antennas  and  scatterers  is  very 
difficult.  Some  new  standards  are  required  regarding  efficiency,  bandwidth 
and  physical  dimensions  of  electrically  small  antennas  before  accurate 
evaluation  ox  relative  merit  can  be  made.  In  gross  terms,  however,  it 
appears  that  the  ESCP  provides  the  potential  of  considerable  improvement  in 
gain/bandwidth  product. 
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SOME  EXAMPLES  OF  SMALL,  LOW-NOISE, HIGHLY  LINEAR  ACTIVE  ANTENNAS 
PRODUCED  IN  QUANTITY  FOR  VARIOUS  APPLICATIONS 

by 

H.  K,  LINDENMEIER  AND  F,  M.  LANDSTORFER 

Technical  University 
Munich,  Germany 


ABSTRACT 


Various  types  of  low-noise  active  receiving  antennas  are  introduced  and 
their  technical  data  explained: 

(1)  A highly  linear  broadband  (10  kHz  to  30  MHz)  rod  antenna  of 
1 -meter  height  and  wide  linearity  range. 

(2)  A 0.25-meter  high  broadband  antenna  for  OMEGA-,  DECCA,  and 
LORAN-C  navigation. 

(3)  A diversity  antenna,  consisting  of  two  crossed  horizontal  active 
dipoles  for  1 MHz  to  30  MHz  Mnd  a vertical  active  monopole  from  10  kHz  to 

30  MHz.  The  length  of  all  elements  is  1 meter. 

(4)  An  active  antenna  of  2-meter  height  for  direction  finding  from 
0.25  to  30  MHz  for  application  in  a mobile  Adcock  system. 

(5)  Receiving  antenna  for  guided  waves  for  47  to  68  MHz  used  for 
optimum  reception  of  signals  radiated  from  a slotted  coaxial  cable. 


SOME  EXAMPLES  OF  SMALL. LOW  NOISE  AND  HIGH  LINEAR  ACTIVE 
ANTEMAS  PRO  DU C7!7)  IN  QUANTITY  FOR  VARIOUS  APPLICATIONS . 


\ 


V . * 

< y 


L 

*♦: 


*3 


"1  .Broadband  antenna  from  10  kH2  to  30  hHz  with  high  linearity 
range  and  1m  height. 

The  annexed  illustration  shows  the  active  rod  antenna  into  the  base- 
insolator  of  which  the  antenna  amplifier  is  inserted.  The  dc-power 
is  supplied  to  the  amplifier  from  the  pov/er  supply  via  the  inner 
and  outer  conductors  of  the  coaxial  antenna  cable.  This  antenna  re- 
places the  common  conventional  6 m high  passive  whip  antenna.  In 

spite  of  the  considerable  smaller 
height  of  the  active  antenna  the 
ampli-  signal-to-noise-ratio  at  the  low 

JllGI* 

end  of  the  band  is  even  25  dB 

*"■  rr  II  superior  to  the  snr  of  the  con- 

5 LJ  ventional  antenna  with  receiver 

-j  if  both  antennas  are  mounted 

*1  / \ upon  a conductive  ground  plane. 

“I  / \ At  the  high  end  of  the  band  the 

N i ™ I \ snr  of  both  systems  is  approxi- 

0 J power  f-j  ^ { a i‘>  mately  equivalent.  With  many  ap- 

aanawi  supply  \ — insu-  plications,  as  for  example  on 

AAMWmEM  S3  lator  ships,  a nearby  installed  trans- 

O c * mitting  antenna  impresses  a strong 

Inc  ^ “ u ,-rgsbc/u  ^ Active  antenna  electromagnetic  field  at  the  lo- 
3 Y / amEmp)  cation  of  the  receiving  anteima. 

| i tor.c.iv.r  Amplifier  with  Therefore  special  efforts  have 

J-iiq?.2ov~  power  supply  been  made  to  obtain  an  anteima 

T “rVb»iEM  amplifier  causing  very  low  non- 

” only  EM  • 

linear  effects  within  an  extreme 
wide  voltage  range.  Precautionary 

measures  protect  the  amplifier  against  damage  by  electrostatic  dis- 
charge, Tests  have  shown  that  the  active  antenna  withstands  the  ato- 
mic e.m.p.  In  the  following  the  most  important  data  of  the  active 
antenna  are  listed. 

At  the  output  terminals  the  active  antenna  may  be  described  as  an  emf, 
produced  by  the  fieldstrength  E,with  the  output  impedance  in  series. 
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Z^:  Ouuput  impedance  = 50  ohms, 

I zj3  ° VSWR  = 1.1  (within  the  above  cited  frequency  rang$ 

/7'V  „ . h,  : Effective  height  of  active  antenna  with  re- 

I ^ antaniw  A 

V'  *“'*'*  fcrence  to  the  output  terminals,  E = verti- 

I o cal  component  of  electric  field  strength 

(antenna  vertically  mounted  on  ground  plane). 
Equivalent  circuit,  = 21  cm.  (constant  within  a tolerance  of 

± 1 dB). 

The  equivalent  noise  field  strength  due  to  amplifier  noise  E^/  yiT  is 
that  rms-value  of  a sinusoidal  signal  field  strength  per  V bandwidth ’ 
necessary  to  achieve  snr  = 1 (=0  dB)  at  the  antenna  output. 


Equivalent  circuit. 


Diagram  of  equivalent  noise  field  strength/  Ybandwidth' versus  frequency 
with  antenna  on  ground  plane  and  received  ground  wave. 

The  maximum  tolerable  (rms-value  of  sinusoidal)  field  strength  E^.,that 
causes  1 dB  reduction  of  amplification  due  to  nonlinearity,  is  shown 
in  the  following  diagram  (antenna  on  ground  plane  and  with  ground  wave)i 
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With  two  sinusoidal  signal  field  strengths  of  different  frequencies  f ^ 
and  f£  but  of  same  rms-value  E1=E2=E=100  mV/m  the  distortion  at  tho  an 
ternia  output  due  to  second  order  intermodulation  at  lower  frequencies 
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is  80  «1B  and  at  higher  frequencies  is  70  dB  below  the  output  signals  at 
f^  and  fg.  The  suppression  of  third  order  intermodulation  products  at 
low  frequencies  is  better  than  120  dB  and  at  higher  frequencies  better 
than  105  dB.  With  practical  operation  the  distortion  by  these  kinds  of 
nonlinear  effects  is  rather  unlikely  since  it  only  occurs  if  there  are 
several  strong  signals  and  if  the  frequency  of  the  received  signal  by 
coincidence  equals  the  frequency  of  one  of  the  intermodulation  products. 
With  most  cases  in  practice  the  receiving-system  is  more  endangered  by 
distortions  caused  by  cross  modulation  from  a nearby  located  transmit- 
ter. In  this  case  the  tolerable  rms-value  Eu  of  an.  unwanted  amplitude 
modulated  signal  (modulation  factor  is  30%)  at  the  frequency  f causing 
a modulation  factor  of  3%  of  the  wanted  signal  at  the  frequency  f,.  is 
important.  Eu  has  been  optimized  with  the  present  antenna  and  is  plotted 
versus  fu  for  various  values  of  fg  in  the  following  diagram. 


2.  Navigational  antenna  for  OMEGA. DECCA  and  IQRAW-C. 

The  antenna  has  the  same  shape  as  the  one  in  ch.  1.  The  frequency  range 
reaches  from  8 kHz  to  130  kHz.  Unwanted  signals  above  140  kHz  are  sup- 
pressed by  means  of  a Cauer-3owpass -filter  within  the  antenna  amplifier 
in  order  to  protect  the  subsequent  navigational  receivers  from  nonline- 
ar distortions  due  to  overload  conditions.  The  suppresion  of  unwanted 
signals  in  the  range  from  400  kilz  to  30  MHz  is  better  than  60  dB.  Ehase 
delay  distortion  is  guaranteed  less  than  3 degrees,  which  limits  DECfiA- 
navigational  errors  to  30m.  The  diagram  nest  page  shows  the  tolerable 
unwanted  fieldstrength  for  0.1=3^/3096  cross  modulation  as  defined  in  oh.1 
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In  case  of  mounting  the  antenna  on  a 2m 
high  mast,  the  length  of  the  rod  may  be  re- 
staioa  ttuced  -to  25cm  in  order  to  obtain  roughly 
identical  data  as  with  1m  rod  on  ground. 
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3.  Active  diversity  antenna. 

As  show,  in  the  illustration  the  antenna  consists  of  two  crossed  hori- 
zontal dipoles,  each  driving  an  amplifier  with  balanced  input'  and  un- 
balanced output,  and  a vertical  active  monopole,  as  described  in  ch.l, 
The  length  of  all  rods  is  1m.  All  amplifiers  are  located  within  a scree- 
ning case  inside  of  a fibreglass  reinforced  polyester  iiisulator  and 
have  seperate  output  terminals  which  are  to  be  connected  via  cables  to 
an  antenna  selector  sjstem.  Usually  this  antenna  is  mounted  on  top  of  a 
3-6m  high  mast.  Thus  as  far  as  the  vertical  field  components  are  con- 
cerned the  equivalent  noise  fieldstrength  and  the  different  values  of 
tolerable  fieldstrengths  of  the  active  monopole  as  described  in  ch.l 
are  reduced.  Since  the  sky  wave  is  only  received  at  frequencies  above 
1 MHz  the  horizontal  lipcles  are  designed  for  1 MHz  to  30  MHz  with  an 
output  voltage  at  the  load  impedance  ( 50  ohms) of  0.6?  per  IV/m  hori- 
zontal fieldstrength  (tolerance  - 1.5  dE).  The  equivalent  noise  field- 
strength  of  the  horizontal  dipoles  is  = 0.015  pV/(  m ffiz) . Non- 

linear distortions  caused  by  horizontal  field  components  due  to  second 
and  third  order  interm ouulation  are  equal  to  That  of  the  active  monopole 
Since  the  antenna  is  mounted  on  a mast  cross  modulation  with  the  hori- 
zontal dipoles  may  occur  not  only  caused  by  the  push-pull  voltage  but 

also  by  a push-push  voltage  at  the  input  termi- 
nals of  the  antenna  amplifier.  The  push-pull  vol- 
tage originates  from  a horizontal  field  compo- 
nent 2uh  while  the  push-push  voltage  is  produ- 
ced by  a vertical  field  component  The  tole- 
rable horizontal  component  for  a cross  modula- 
tion of  3Yo/30%  = ,0.  i (s.  ch.l)  is  = 7V/m. 

For  the  example  of  a 3m  high  mast  and  frequen- 
cies f below  the  quarter  wave-resonance  of  the 
mast  Euv=  5V/m. 

lCrf 


H-.-J’WP  ITT. 


tiaa 


.Hl.Hi. 


< .1 


4.  Active  antenna  for  direction- .finder  from  0,25  to  30  MHz . 


Direction-firder  system  with  active  antenna 


The  photograph  shows  an  adcock  direction-finder  system  consisting  of 
eight  single  active  antennas, the  total  height  of  each  is  2ra,  The  an- 
tenna amplifier  is  "built 
into  the  top  end  of  a 1m 
high  tube  mast,  whereon 
a 1m  long  plug-in  whip  an- 
tenna is  mounted.  The  sne- 
oial  designed  amplifier 
meets  very  hard  require- 
ments as  to  a tolerable 
spread  in  phase  of  less 
|than  1 degree  and  a tole- 
rable spread  in  gain 
of  less  than  0.1  dB  between  units  . The  passive 
antenna  parts  between  the  low  end  of  the  whip 
and  the  high  end  of  the  mast  are  loaded  v/ith 
the  small  input  capacitance  of  the  high  impe- 
dance amplifier.  Therefore  tne  currents  on  the 
antenna  parts  are  very  small  and  prevent  the 
antennas  from  radiation  coupling.  The  antenna 
mast  forms  a counter oalance  to  the  whip.  There- 
fore with  a very  simple  ground  network  extreme 
small  direction  finding  errors  are  obtained 
even  with  sky  wave  bearings.  The  equivalent 
noise  fieldstrength  Ejj/  3 nV/(m  TSz).  Suppression  of  intermodula- 

tion products  is  better  than  100  dB  with  two  signals  of  E = lOmV/m  each. 
The  antenna  replaces  a 6 m high  passive  whip  antenna  and  makes  it  now 

feasible  to  mount  the 
adcock  system  very  ea- 
sily in  the  field. 


Antenna  amrlifier 


Equivalent  noise  field- 
strength  of  df-syst *m 
wifi!  B - 1Hz 
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5.  Receiving  Antenna  for  Guided  Waver, 


The  active  antenna  K 50238  ir,  designed  For  optimum  reception 
of  signals  radiated  from  a slotted  coaxial  cable.  It  operates 
in.  the  lower  VIIF-band  and  couples  to  the  magnetic  TM-f ie  1 d 
of  the  slotted  line. 

In  order  to  meet  official  requirements  as  to  the  tolerable 
interference  fieldntrength  outside  the  installations,  the 
active  circuit,  of  the  antenna  is  optimized  for  maximum  signal- 
to-noice  ratio  S/N  at  its  output,  with  low  levels  of  transmitter 
power.  Typical  values  are  S/N4  40  dh  at  20  cm  clear  distance 
between  cable  and  antenna,  and  transmitter  power  adjusted  to  a 
level  which  gives  less  than  30  /uV /m  interference  f ieldatrength 
at  30  m distance  from  the  cable. 

Applications  are  found  wherever  a signal  i:ao  to  be  transmitted 
from  a fixed  station  to  a movable  object  following  a predeter- 
mined track  along  which  the  slotted  cable  can  be  mounted,  such 
as  a railway  car  or  a big  rail-bound  crane.  At  the  moment  these 
antennas  are  in  use  with  the  rapid-railway  systems  of  Vienna, 
Munich  and  Paris.  There  2 or  3 TV-piotureo  of  the  railway  plat- 
form are  transmitted  simultaneously  to  monitors  within  the  loco- 
motive in  order  to  give  the  engine  driver  a good  survey  of  the 
platform  and  help  him  with  clearing  in  and  out  of  the  station. 


Further  data 

Frequency  range: 

47  - S8  MHz 

Characteristic  impedance 
of  output:  75  *2  (un- 

balanced, VSWR  < ? ) 

Bias:  12  V/  5 mAmps 

Material:  stainless  steel 

and  fibre  glass 
Weight:  8 kg 


Sections  1 to  4 are  by  H.K.lindenmeier, 
section  5 is  by  F.K.Landstorfer. 
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TRADE-OFFS  IN  THE  DESIGN  OF  A SMALL  ACTIVE  ANTENNA 
FOR  TELEVISION  RECEPTION 

by 

J.  J.  GIBSON 

RCA  Laboratories,  Princeton,  N.  J. 


ABSTRACT 


The  development  of  the  "Mini-State"  antenna,  a small,  active,  rotatable, 
directional  antenna  for  television  reception  is  discussed  with  particular 
emphasis  on  basic  principles,  criteria  of  performance,  and  trade-offs  between 
size,  signal-to-noise  ratio,  bandwidth,  directional  characteristics,  distor- 
tion and  cost. 
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TRADE-OFFS  IN  THE  DESIGN  OF  A SMALL  ACTIVE  ANTENNA 
FOR  TELEVISION  RECEPTION 

by 

.1 . J , Gibson,  RCA  Laboratories,  Princeton,  N,  J, 

SUMMARY 

The  "Mini-State'^is  a small  active  TV  antenna  designed  for  suburban 
and  metropolitan  reception  areas  where  a small  size  indoor -outdoor  antenna 
is  very  desirable,  and  where  multipath  and  man-made  noise  is  more  of  a pro- 
blem than  random  noise  generated  in  the  reception  system.  Small  size,  large 
bandwidth,  and  a directional  radiation  pattern  are  achieved  at  the  expense 
of  signal-to-noise  ratio  . The  signal  to  noise  ratio  (S/N)  relative  to 
signal  to  the  noise  ratio  (So/N  ) of  a dipcle  with  a system  temperature  of 
Tq  = 290°K  is  introduced  as  a practical,  meaningful,  and  measurable  figure  of  merit: 

M = (F/N)/(So/No)  = (S/So)/(N/No)  = (D/T)  T 

where  (s/SQ)  is  the  antenna  gain  relative  to  a dipole,  (N/N^)  is  the  excess 
noise  which  can  be  measured  in  a screen  room,  P is  the  directivity,  and  T is 
the  actual  system  temperature.  While  the  variation  in  direccivity  is  small 
between  various  designs  of  small  antennas,  the  system  tempera  jure  is  critically 
dependent  on  a large  number  of  factors  such  as:  the  noise  figure  and  the  gain 
of  the  amplifier,  which  are  both  dependent  on  the  antenna  impedance;  antenna 
losses;  receiver  nolHc  figure;  cable  tosses;  noise  tempera  lure  of  the  field, 

These  Irade-offs  wilL  be  discussed  in  some  detail. 

It  is  shown  that  if  it  is  assumed  that  the  noise  temperature  of  the  field 
and  of  all  passive  components  in  the  system  is  T , the  figure  of  merit  is 

M = DK/F 
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where  K is  the  antenna  efficiency  (radiation  resistance/total  resistance)  and 
F is  the  system  noise  figure.  It  is  possible  to  design  a lossy  antenna  with 
a good  noise  figure  (and  large  bandwidth)  with  about  the  same  figure  of  merit 

as  a low-loss  antenna  with  a poor  noise  figure.  The  final  choice  for  the 

/ 

VHF  antenna  (54-216  MHz)  was  a terminated  t.uo-port  loop,  which  is  a lossy 
broadband  antenna  with  a cardioid  type  pattern  and  with  nulls  towards  the 
back.  The  diameter  of  the  Loop  is  18  inches,  which  ,‘s  one-tenth  of  the  longest 
wavelength  used  for  broadcast  television  (Channel  2).  A low  characteristic 
impedance  of  the  structure,  which  is  beneficial  for  the  efficiency  "K",  is 
achieved  by  making  the  loop  out  of  a 2-inch  wide  strip.  A broadband  match  to 
the  terminating  resistance  is  obtained  with  slots  cut  out  of  the  loop.  The 
figure  of  merit  of  the  system,  including  the  TV  receiver,  ranges  from  -21  dB  at 
channel  2 to  -10  dll  at  channel  13.  (ood  rejection  is  obtained  over  a 100°  angle 
in  the  horizontal  plane  towards  the  back.  Two  deep  nulls  in  the  pattern  provide 
for  excellent  single  "ghost1'  rejection.  A UHF  antenna  (407-806  MHz),  a yagi  with 

a 2.5  dB  gain,  is  inserted  inside  the  VHF  antenna.  Slotted  UHF  stubs  in  the  j 

i 

front  part  of  the  VHF  loop  minimize  the  interaction  between  the  antennas.  An 

| 

amplifying  device  is  required  close  to  the  input  of  the  VHF  antenna,  partly  to  j 

improve  the  figure  of  merit  and  partly  to  maintain  good  radiation  patterns,  which  ; 

i 

otherwise  might  be  destroy'd  due  to  direct  pick-up  by  the  cable  and  the  receiver. 

Since  the  antenna  must  also  operate  In  strong  signal  areas,  considerable 
attention  has  been  given  to  irtermoduladon  distortion  in  the  broadband  amplifier. 
Dynamic  range,  noise  performance,  bandwidth,  stability  and  costs  of  amplifiers 

1 

with  bipolar  and  HOS  transistors  were  extensively  studied  both  experimentally 

• J 

and  theoretically.  ! 
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The  design  trade-offs  are  discussed  in  the  context  of  the  system  environ- 
ment, i.e.  the  electromagnetic  field  at  one  end  and  the  receiver  at  the  other, 
the  performance  requirements,  which  depend  on  subjective  effects  of  various 
disturbances  and  the  need  to  provide  good  quality  reception  at  a large  number 
of  locations,  and  cost. 


^"The  Mini-State  - a Small  Television  Antenna"  by  j.  J.  Gibson  and 
R,  M.  Wilson,  to  be  published  shortly  in  IEEE  Transactions  on  Consumer 
Electronics . 
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VHF  MAN  PACK  LOG  PERIODIC  ANTENNA 
J.  C.  DAVIS,  DIIV,  INC. 
ABSTRACT 


A lightweight  VIIF  manpuck  antenna  is  described  ’which  operates  over  the 
frequency  range  of  26  to  88  M IIz,  has  i dbi  of  gain,  has  a VSWR  of  2:1, 
radiates  100  watts  of  RF  power  and  can  be  erected  by  two  men  in  10  minutes. 

It  has  a unique  configuration  for  minimizing  the  array  size  and  for  ease  of 
erection.  Also,  due  to  the  broadband  properties,  it  can  be  used  with  frequency 
hopping  and  spread  spectrum  systems. 

SUMMARY 

A lightweight,  quick  erect  VHF  manpack  log  periodic  antenna  has  been  develop- 
ed which  operates  over  the  frequency  band  of  26  to  88  MHz.  The  erected  equip- 
ment is  shown  in  figure  1.  The  array  size  i s reduced  by  utilizing  swept  forward 
elements  of  the  "V"  type  at  the  lower  frequencies.  As  the  element  length  de- 
creases along  the  LP  structure,  the  angle  of  the  elements  increases  so  that  at 
the  higher  Iiequencies  the  elements  are  regular  dipole  elements.  A plan  view 
cf  the  arrav  is  shown  in  figure  2. 

'I'he  anlenna  weighs  30  pounds,  is  packaged  in  a canvas  bag,  and  can  be 
erected  by  two  men  in  10  minutes.  A key  design  factor  in  realizing  the  quick 
erection  is  storage  of  the  LP  array  on  a nylon  template  using  velcro  straps. 

This  prevents  the  phosphor  bronze  elements  and  feeders  from  becoming  tangled 
when  rolled  into  a lightweight  compact  package. 

The  antenna  i:  supported  by  a fiberglass  quadrapod  structure  which  is  mounted 
on  a tubular  mast.  The  fiberglass  quadrapod  is  sectionalized  lor  compact 
stowage.  The  fiberglass  members  are  connected  with  shock  cord  for  easy 
installation. 

Briefly  the  installation  consists  of: 

a)  Unrolling  the  nylon  template  containing  the  LP  array . 

b)  Assembling  the  quadrapod. 

c)  Placing  quadrapod  on  nylon  template  and  attaching  LP  anuy  to 
quadrapod  at  four  places. 

d)  Removing  nylon  template  from  LP  array  and  connecting  coaxial 
input  cable. 

o)  Assembling  mast  and  connecting  quadrapod  to  top  ot  mast, 
f)  Erecting  antenna  and  attaching  guys. 
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The  gain  of  the  antenna  is  4 dbi  at  the  low  end  of  the  frequency  range  increas- 
ing to  approximately  5.5  dbi  at  mid  band.  The  front  to  back  ratio  increases 
from  4 db  at  the  low  end  to  10  db  at  mid  band . Representative  measured 
radiation  patterns  are  shown  in  figure  3 . Input  impedance  of  the  antenna  is 
fifty  ohms  with  a VSWR  less  than  2:1.  The  antenna  is  capable  of  operating 
with  100  watts  of  input  power.  A key  feature  of  this  antenna  is  that  it  can  lie 
used  in  systems  employing  frequency  hopping  or  spread  spectrum  due  to  the 
broad  bandwidth. 
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A TECHNIQUF.  t OR  CALCULATING  THE  RADIATION  AND  IMPEDANCE  CHARACTERISTICS 
OF  ANTENNAS  MOUNTED  ON  A FINITE  GROUND  PLANE  OR  OTHER  STRUCTURES 

by 

R.  Mittra,  V.  Rahmat-Sami ! and  P,  Parhami 

Electromagnetics  Laboratory,  Department  of  Electrical  Engineering 
University  of  Illinois,  Urbana,  Illinois  61801 


ABSTRACT 


In  this  paper  we  consider  some  aspects  of  determining  the  characteris- 
tics of  antennas  mounted  on  a finite  ground  plane  or  other  platforms.  We 
begin  by  briefly  reviewing  three  available  techniques,  viz.,  wire  grid  model- 
ing, combination  of  E and  H equations;  combination  of  Moment  Method  and  GTD, 
Next  we  present  an  alternate  method  based  on  the  finite-difference  technique 
and  the  use  of  numerical  Green's  function.  The  latter  approach  is  not  only 
conveniently  applied  to  the  problem  under  consideration,  but  is  also  extend- 
able to  large  size  ground  planes  through  the  use  of  the  spectral  theory  of 
diffraction. 
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ANTENNAS  ON  COMPLEX  STRUCTURES 
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Raj  Mi  tcra 

Electromagnetics  Laboratory 
Department  of  Electrical  Engineering 
University  of  Illinois 
Urbina,  Illinois  61801 


SUMMARY 


One  of  the  most  challenging  problems  facing  the  numerical  and  analyt- 
ical electromaguoticist  today  is  l he  design  of  antennas  to  be  mounted  on 
complex  structures,  such  as  automobiles,  ships  and  aircrafts.  The  problem 
is  complicated  for  at  least  two  reasons.  First,  the  modeling  of  complex 
structures  is  in  itself  a difficult  problem.  Second,  and  perhaps  the  more 
important  from  the  user's  point  of  view,  is  the  choice  of  the  type  of 
formulation  best  suited  for  the  particular  geometry  under  consideration. 

Basically,  two  different  types  of  integral  equations  may  be  employed 
to  characterize  the  electromagnetic  radiation  properties  oT  a given  antenna 
configuration  (1].  These  equation;-  fake  the  form 

n * Ei,u  (r)  = — n * j (-umkJ  <\>  + V • .7  V'iJ>)ds' 

4itjmc  J s s s 

. J (?)  = 2n  » ii1,,C(r)  + n x I j x V'<.  ds'  f i S (1) 

s Zii  J s 

where  7.  is  tlio  induced  surface  current.,  K,m,  l)llK  ar  • the  iucidonl  elec- 
tric anil  magnetic  fields,  ip  Is  the  scalar  Croon's  function  given  by 


(2) 


and  the  symbol  f implies  tbaL  rile  integral  is  u principal-value  type. 

It  is  well-known  that  the  11-integrnJ  equation  is  fraught  with  tuiiiieri- 
cal  difficulties  when  applied  to  electrically  thin  structures  inch  an  wires 
or  shell;;.  Perhaps  less  we  l i-known  is  the  cause  of  the  dlfliculty,  which 
steins  from  the  fact  that  in  the  formulation  of  the  11- integral  equation  the 
boundary  condition,  viz.  ii  < E ~ 0 on  the  surface  of  the  body,  Is  not 
imposed  directly  but  follows  as  a consequence  of  the  fact  that  n x II  - -I. 
implies  n * E - 0 only  it  the  surl  are  is  dosed  12). 

The  duel  advantage  ciT  the  ll-cqual  ion  car  he  noted  by  relerrlng  In 
(1)  wherein  we.  observe  that  the  kernel  of  the  11-equatlou  is  simpler  than 
the  E-equal  ion  due  to  the  absence  of  ;l  derivat  ive  on  the  indiieed  sur lace 
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current  J%.  Even  more  important  is  the  fact  that  for  relatively  smooth 
surfaces  the  self-patch  integral,  for  which  tha  kernel  i«  Lhe  most  singu- 
lar, is  negligibly  small,  thus  making  this  equation  numerically  attractive, 
la  contrast,  the  self-patch  integral  in  the  E-equation  has  a substantial 
contribution  and  must  be  evaluated  very  carefully  because  of  the  presence 
of  the  singularities  of  the  kernel. 

This  advantageous  feature  of  the  H-cquation  is  absent,  however,  when 
appendages  such  as  antennas  are  present  in  otherwise  smooth  structures. 

The  II— f Laid  varies  rapidly  near  the  base  of  the  antenna,  and  the  self- 
patch  principal  value  integral  is  no  longer  negligibly  snuilr  or  well- 
behaved.  In  any  event,  one  is  forced  to  use  the  E-integral  equaLion  for 
the  wire  and,  consequently,  it  becomes  necessary  to  employ  a hybrid  system 
comprising  the  ll-equation  for  the  surface  and  the  E-equation  for  the  wire. 
Of  course,  one  may  choose  to  use  the  E-equation  throughout,  either  for  a 
combination  of  surface  and  wire  models  or  for  a thin-wire  model  of  the 
entire  structure  in  which  the  surface  portion  is  replaced  by  a wire  mesh. 
Considerable  work  has  been  done  in  the  direction  of  modeling  a complex 
structure  with  thin  wires  [3].  Although  convenient  for  many  applications, 
this  type  of  modeling  is  not  necessarily  the  most  efficient  from  a numeri- 
cal point  of  view  when  judged  on  the  basis  of  number  of  unknowns  required 
to  achieve  a given  accuracy  of  the  solution.  Also,  the  wire-grid  modeling 
someLimes  introduces  fictitious  circulating  currents,  and  the  results 
deriveul  from  the  use  of  such  models  often  show  a shift  in  the  predicted 
resonances  from  the  true  ones  for  the  actual  surface. 

Nevertheless,  many  of  the  ant  ”".a  modeling  programs  typically  use  the 
thin-wire  codes,  perhaps  due  to  their  availability  and  versatility.  There 
exists  a great  need,  however,  for  developing  hybrid  programs  that  handle 
the  surface  portion  of  a structure  directly,  raLher  than  in  terms  ol  a 
thin-wire  model,  when  there  are  wire  appendages  to  the  structure. 

Although  many  different  approaches  to  this  problem  are  possible,  we 
describe  below  a procedure  which  has  been  under  development  teeently  at 
the  University  of  Illinois  [4],  The  method  Is  based  on  a finite  differ- 
ence approximation  to  the  differential  operator  appearing  i.n  the  Ii-integral 
equation  and  the  use  of  Lite  eoncepL  of  Liu.*  numerical  Green's:  function.  For 
simplicity  of  i 1 1 us l rat  ion,  we  consider  the  problem  of  a vertical  ntrnopole 
unlenna  located  on  it  finite  ground  plane  (see  Fig.  1).  We  const  t net  th.: 
numerical  Green's  function  by  considering  a single  i-lrnu'utnl  dipole  located 
at  a finite  heighL  above  the  ground  plane  (see  Fig.  2).  'flu:  snclace  cu  ■- 
rents  induced  on  the  plate  may  be  expressed  in  terms  of  the  equation 


where  K.1.,  11*  are  the  electric  ft  eh.  components  on  the  plate  produced  by  the 
elemental  dipole  radiating  in  free  space  and  Lhe  matrix  1 Yf  is  given  bv 
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where  M_  = j (J(p^,p')ds' 
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S = j th  surface  patch 

cti 

= location  of  the  1 observation  patch 


(5) 


In  the  finite  difference  approach,  the  derivatives  on  M appearing  in 
(.It)  arc  computed  by  the  conventional  finite  difference  methods.  We  have 
found  in  connection  with  our  previous  work  on  wire  junctions  that  the 
numerical  cl  if  l erencing  for  the  purpose  of  computing  derivatives  must  be 
done  properly,  otherwise,  the  results  will  be  erroneous.  The  critical 
parameter  is  the  width  of  the  interval  used  to  compute  the  finite  differ- 
ences. Taking  a cue  from  the  wire-junction  problem,  we  choose  the  inter- 
val to  be  one-half  the  patch  size  anti  process  (A)  numerically  using  a 
f imte-dif ference  form.  We  may  use  a similar  numerical  procedure  to  con- 
vert the  integral  representation  for  the  wire  and  the  wire-plate  inter- 
action and  write  these  in  matrix  form  as 


WIRE  ...  {E  } = [Z  jtJ  ) 
z w (. 


WIRE  > PLA'l \ 


h ju  ) 

1 wp  z 


PI. ATE  ...  (E  }=  iz  ) 
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where  J is  the  current  on  the  wire. 
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Combining  (3),  (6),  (7)  and  (8),  we  may  derive  a composite  matrix 
equation  whim  reads 


[z  ] [ y ; 

pw’1  p- 


[Z 


wp 


{J  ) 

z 


(9) 


where  Ez  is  the  incident  field  due  to  the  given  source.  Inverting  the 
matrix  in  large  square  brackets  appearing  in  (S),  we  obtain  a solution  for 
the  current  in  the  wire.  The  currents  on  the  plate  can  be  derived  subse- 
quently via  (6)  - (8)  that  relate  Jzand  Jx,  J ^ . Although  not  shown  here, 
extensive  numerical  calculations  have  been  c.a-  ried  out  for  the  above 
geometry— both  for  the  antenna  located  at  tin  center  and  near  the  corner 
of  the  plate,  an  l for  the  antenna  in  a radiating  or  scattering  mode.  The 
results  have  been  checked  against  other  available  data  and  satisfactory 
agreement  has  been  observed.  A somewhat  more  sophisticated  and  accurate 
approach  based  on  the  incorporation  of  the  edge  condition  has  also  been 
developed  and  tested.  One  additional  feature  of  the  method  worthy  of 
mention  here  is  that  it  shows  promise  for  extension  by  *i  newly  developed 
spectral  domain  method  [5,6j  for  handling  problems  of  this  type  to  base 
structures  that  are  large  compared  to  the  wavelength,  even  when  the 
antenna  being  investigated  is  half-wavelength  or  less. 
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HF  TRAN LINE  ANTENNA  FOR  VEHICLES 
J.  E.  Brunner,  J.  R.  Gruber 
Cincinnati  Electronics  Corporation 


ABSTRACT 

The  paper  describes  an  electrically  small  antenna  for  helicopters  and  ground  vehicles 
in  the  range  of  2 to  30  MHz,  Typical  length  of  the  radiator  is  10  feet,  A/50  at  2 MHz, 
The  radiator  is  mounted  parallel  to  the  vehicle  surface  and  resembles  a shorted  trans- 
mission line.  The  antenna  system  includes  an  automatic  coupler  designed  to  achieve 
high  radiation  efficiency  for  Nap-of-the-Earth  communications  in  excess  of  GO  miles, 

SUMMARY 


t 


An  efficient  antenna  and  automatic  coupler  has  been  developed  for  use  on  small  heli- 
copters and  ground  vehicles  in  the  range  of  2 to  30  MHz.  The  low-profile  radiator, 
with  nominal  length  of  10  feet,  is  mounted  parallel  to  the  vehicle  surface  (spaced 
about  8 inches  away)  and  resembles  a transmission  line  shorted  at  the  far  end.  A 
primary  application  is  to  provide  Nap-of-the-Ear;h  communications  in  excess  of  60 
miles,  under  all  terrain  conditions,  for  low-flying  helicopters  and  ground  vehicles. 
This  entails  use  of  the  Near -Vertical-Incidence  mode  of  ionospheric  propagation  and 
frequencies  in  the  range  of  2 to  8 MHz. 

Typical  helicopter  installation  is  on  the  upper  or  lower  surface  of  the  tail  boom,  both 
locations  giving  good  radiation  patterns  for  communications  via  sky-wave  or  ground 
wave,  Figure  1 shows  a fiberglass  shrouded  Tranline  Antenna  installed  on  the  UH-1 
type  helicopter.  A 1-inch  O.D.  aluminum  tube  has  also  been  utilized  as  the  radiator 
on  the  UH-1  and  011-58  helicopters.  Above  10  MHz  the  electrical  length  of  the  antenna 
is  shortened  by  use  of  a vacuum  switch,  which  permits  efficient  impedance  matching 
al  the  higher  frequencies. 

Impedances  presented  by  the  Tranline  Antenna  are  quite  low  at  the  lower  frequencies. 
Figure  2 is  a plot  of  both  the  resistive  and  reactive  components  of  impedance  when 
tlie  antenna  is  mounted  on  two  different  helicopters,  the  UH-1  and  011-58.  These 
data  indicate  that  care  must  be  taken  to  design  the  coupler  for  the  antenna  environment 
since  the  ground-plane  system  affects  the  real  component  of  the  impedance  and,  there- 
fore, determines  the  voltage  and  current  stress  in  the  matching  components. 
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The  automatic  coupler  is  located  as  near  co  the  radiator  feedpoint  as  possible  to 
maximize  overall  efficiency.  An  objective  of  the  coupler  design  has  been  to 
provide  the  required  impedance  transformation  across  the  frequency  range  while 
maintaining  the  highest  possible  efficiency.  Efficiency  in  excess  of  90  percent 
is  achieved  even  at  the  low  end  of  the  range  where  antenna  Q is  very  high.  The 
coupler  network  contains  no  inductors,  only  low-loss  ceramic  capacitors  to 
accomplish  the  desired  transformation. 

Two  different  matching  network  configurations  have  been  developed  for  the  Tranline  — 
both  incorporate  BE  sensors  which  provide  automatic  tuning.  One  configuration  is  a 
digitally  controlled  L-network  of  binarily  related,  switchable,  fixed  capacitors.  The 
other  utilizes  coded  frequency  information  from  the  radio  set  to  achieve  coarse  tune 
of  the  L-network  with  final  matching  accomplished  by  u.  closed-loop,  tunable  variable 
capacitor.  Tuning  time  is  1 second  for  the  first  configuration  and  less  than  2. 5 
seconds  for  the  second. 

Radiation  patterns  (normalized)  at  6.2  MHz,  measured  on  a 1/20  scale  helicopter, 
are  given  in  Figure  3.  The  roll  p’ane  pattern  results  primarily  from  the  electric 
dipole  mode  of  excitation  and  the  yaw  plane  pattern  results  from  magnetic  dipo'e 
mode  of  excitation.  These  patterns  do  not  change  appreciably  over  the  2 to  12  MHz 
range  although  the  relative  RF  power  radiated  in  each  mode  changes  considerably. 
Radiation  pattern  measurements  reveal  that  the  two  modes  a^e  approximately  equal 
in  power  radiated  at  2 MHz,  but  the  electric  dipole  mode  (from  currents  in  the  fuse- 
lage) quickly  dominates  at  higher  frequencies.  The  electric  dipole  mode  is  about 
6 db  higher  at  6 MHz  and  10  db  higher  at  9 MHz,  A good  discussion  of  modal  analysis 
applied  to  HF  antennas  in  small  aircraft  is  contained  in  Reference  1. 

Estimates  of  Tranline  effective  gain,  operating  on  a small  helicopter  such  as  the 
UH-58,  have  been  made.  The  effective  gain,  including  coupler  losses,  varies  as 
follows:  about  - 11.5  dBi  at  2 MHz,  -3  dBi  at  3.6  MHz,  to-1  dBi  at  5 MHz. 
Measurements  made  both  by  Cincinnati  Electronics  and  other  activities  have 
provided  confirmatory  data.  The  gain  rises  very  rapidly  with  frequency  because 
the  radiation  resistance  associated  with  the  electric  dipole  mode  is  proportional 
to  the  sixth  (6t.h)  power  of  frequency.  Attractiveness  of  the  Tranline  for  HF 
communications  results  largely  from  its  ability  to  excite  the  airframe  in  the  dipole 
mode,  thereby  achieving  much  higher  efficiency  than  would  be  expected  from  a 
radiator  length  of  A/50  at  2 MHz. 
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An  analytical  U-c;iul>|uc  I nr  predicting  radiation  pattern::  of  HI  antenna:: 
on  lif  1 icoptiTK  i based  on  the  method  of  inoim  nts  (MM)  and  itaplc.monli'd  by  a com- 
puter algorithm,  Ik  presented.  The  antenna:;  r rented  by  this  formulation  are 
electrically  small  but  way  extend  over  a considerable  portion  ol  the  aiicrall 
fuselige.  Effects  ol  lossy  ground  plmes  In  i lie  vicinity  of  these  radial  Inj; 
system::  are  considered.  An  experimental  test  pi  or.  ram,  conduct  ed  at  DOOM  In 
conjunction  with  this  analysis,  is  described. 

Extended  Seminary 

In  the  ease  of  UK  antenna!:  mounted  ju  airerafl,  tin-  interaction  with  tbe 
adjacent  fuselage,  skin,  the  shape,  of  tbe  aircralt,  and  the  positioning  o[  the 
antenna  can  slp.nii  jean*  Jy  affect  tbe  radiation  pattern.  It  can  be  shown  that  an 
analytical  technique  based  on  the  method  of  moments  (MM)  theory  provides 
uflcctive  a pp roach  lor  predicting  the  radiation  patterns  »(  UK  antennas  an  heli- 
copters. 

The  general  approach  for  treating  EM  radiation  and  scattering  problem:  .sing 
MM  lerluiiques  is  discussed  at  length  in  References  1--* . Tlia  torinulati  unsealed 
will  be.  specialized  to  lu:J  icoplers  with  off-fuselage  UK  radiators.  An  electric 
field  integral  oouaLion  (KKLK)  fur  both  the  aircraft  body  and  the  ofl-surlace 
radiation  is  used.  In  this  analysis  the  helicopter  fuselage,  is  represented  by  a 
perfectly  conducting  body  of  revolution  having  a surface  area  at  i "ch  longitudinal 
body  station  approximating  that  of  the  actual  vehicle.  The  unknow  currents  on 
the  body  are  expressed  in  a modal  expansion.  Tbe  antenna  is  t oprcsenLed  as  an 
intorccnuiccled  sequence  o/  wire  segments  for  which  a MM  wire  representation  is 
used. ^ The.  coupling  between  the  surface  currents  and  the  antenna  currents  is 
given  by  a coupling  matrix  that  includes  oil  tin'  interaction  terms.  Tbe  result- 
ing matrix  equations  arc  solved  for  the  unknown  currents,  and  the  power  gain  is 
computed  for  horizontal  and  vertical  polarizations  in  the  principal  radiation 
planes . 

In  the  MM  approach,  each  clement  on  tbe  body  surface  and  each  element  on  the. 
antenna  is  identified  with  a surface  or  wire  current.  In  the  presence  of  the  KaiTh, 
these  currents  arc  mudified.  If  the  whole  radiating  system  is  above  a perfectly 
conducting  surface,  the  system  can  be  represented  by  image  currents,  in  the  pre- 
sence of  an  imperfectly  conducting  surface,  the  Image  currenls  are  modified  by  the 
appropriate  reflection  coefficients.  In  the  case  of  plane  wave  rellectious , these 
reflection  coefficients  arc  the  Fresnel  coefficients.  Tbe  coef Ci cients  can  be 
generalized  to  include  higher  order  effects  (such  as  surface  waves,  near-field 
effects,  including  induction  and  static  terms)  as  in  Norton's  formulatiou. ® The 
effect  of  image  currents  can  be  incorporated  approximately  into  the  radiation 
transfer  matrices,  corresponding  to  the  fuselage  surface  and  the  wire  radiator 
(off-surface  antenna),  respectively.  The  analytical  expressions  for  these  matrices 
for  free-space  radiation  are  given  in  References  2 and  7.  In  the  presence  of  the 
Earth,  the  transfer  matrices  are  modified  with  tbe  applicable  expressions,  given  in 
Reference  8. 


^Research  supported  by  the  U.S.  Army  Electronics  Command  (Ft  MoumouLli,  NJ)  under 
Contract  DAAB07-- 75-0907. 
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A compilin'  algorithm  was:  developed  to  implement  this  ...  II?; i hh  this 

algorithm,  the  l .id  i alien  patterns  wore  computed  in  liee- spare  and  in  tin-  j*. vsm:i! 
of  tho  Earth  lor  the  OH-58  ,iini  the  Ih)  III  (Huey)  lei  i reflet*;  ovei  1 broad  * r 
range  (?-24  MHz),  Both  airrr.-'ft  wore  e«pi  I pped  with  a 3,04  in  Oil  tt)  Inn;*,  shoit  ihI 
loop  ant «ima  located  at  various  posit  ions  ami  with  various  ott-*sots  on  the  rear 
boom. 

An  experimental  Li'iit  program  using  a lull-  sea  le  U»i- III  helicopter,  ecju  1 pped 
with  a hot  t om-mounl  ml  loop  ant  «*no,i  was  conduct  ■ >il  at  tin-  I'MOH  anteuiM 
range . 9 Thu  UH-1D  aireral  l (wi  f lioul  rotors)  was;  mount  ml  on  a 9,1  in  (30  ft)  hlp.li 
Itiutalili’  platform.  Two  receiving  antenna  couflgurat  ion;.  „.te  used.  A ii.irizontal 
dipole  (resonant  at  4 MHz)  s i t Hated  0.1  m (30  tt)  above  j'.routMl  and  1644  itt  (3408  ft) 
1 rum  the  he  1 1 copter  was  utilized  to  receive  a predominant  ly  horizontal  polarization 
A 6, OH  hi  (20  1 L)  vertical  whip  antenna  was  employed  lor  receiving  tin*  vertical 
polarizat  ion,  Details  o|  lln*  expei  i mental  leeln»i«|iies  used  in  thit,  rattp.e  valiilatloit 
me  given  In  Reference  9.  The  skywavu  eonlrilnit  ten:!  were  nionflored.  The  hori- 
zontal radiation  pattern:;  in  both  vertical  and  liiu  izoiilal  polar iz.ali.onti  were 
ttte;i:iiired  by  total  I nj;  the  lielieopter.  Theta*  rer.nl  is  weie  compared  with  the  pre- 
dicted patterns  from  the  NOK-inod  1 f i ed  MM  analysis  ovej  the  entire  lip  band. 
Uepretiental  ive  examples  of  tins  validation  el  lei  L are  shown  in  PI  pun’  1.  The 
horizontally  polar  1 zed  patterns  for  Lln:  shorted  loop,  rotated  Xti"  1 rout  the  helium 
of  the  rear  boom  ate  shown  in  Pi  pure  9.  The  computed  pallet  ns  tor  boll  liori 
zonlal  and  vertical  (U)  po Is)  iznt. Ions  correlate  well  with  tin*  mear.nt  ed  retnilt:  • «** 
a bitted  frequency  \ ange. 


He)  ort  tiers 

1.  K.  Mi  lira,  Computer  Teelin  Iques  lor  Kleel  romugnel  les  (Pergsmtni  Press,  Orlioil, 
19/3). 

2.  J.  K.  Mautz  and  K.  P.  Harrington,  Had  i at  ion  and  Seat  ter  I up.  from  bodies  ol 
Revolution,  AppJ . Se.i.  Res.  20,  405  (1909). 

3.  J.  R.  Maut::,  Scattering  from  hoaded  Wire  Objects  Near  a bonded  Hurl  nee  of 
Revolution,  SbllC  TN74-030,  Syracuse  University,  K.Y.,  Jumna y 1974. 

4.  J.  R.  Mautz  and  R.  P.  Harrington,  Computer  l’rop.rams  for  Chat  aeterisl  i e Modes 
of  Wiie  Objects,  Scientific  Ropor  No.  11,  APCRL— 71-01 74,  March  l'1/l. 

3,  K.  C.  Jordan,  Plect  j omagnet  tr.  Waves  and  Radi  icing  Sy at. cuts  , (I’renL i ee-llal  1 
Inc.,  Englewood  Cliffs,  N.J.  1950),  Chapter  1 . 

6,  1),  I,.  Lager  and  R.  J,  Lytle,  Fortran  Subroutines  for  the  Numerical  Evaluation 

of  Sommer fold  Integrals,  bCRb-51821,  Lawrence  Livermore  Laboratory,  Hiy  1975. 

/»  I»,  N.  Medgyesl-Mitsci,  *g  and  J.  H.  Mullen,  Radiation  and  Scattering  from 

Asymmetrically  Excited  Boo  *s  <f  Kevolutioti,  IEEE  Trans.  Antenna  and  I’rop.igat. 
A1*~ 24 , 90,  January  1976. 

8.  J,.  N . Medgy  es  i-M  Its  cluing , 1’redictlor.  of  HP  Antenna  Radiation  Pattern:;,  ECt»M 
Report  907-3,  30  April  1976. 

9.  J.  F,  llrttne  and  J,  E.  Reilly,  Compact  IIP  Antenna  (with  Propagation  Studies), 
KCOH  Report  4366,  November  197'  - 


Computed 


* 


f 


SCALE  MODEL  TEST  RESULTS  I’OK  AN  KLICCTP.ICALLY-SMALI, 
LOOP  ON  A Uil-ID  TfRCKAri' 

by 


II.  H.  Jenkins  and  B.  J.  Wilson 
Engineering  Experiment  Station 
Georgia  Institute  of  Technology 
Atlanta,  Georgia  3 0 J 32 


and 


L.  Scott 

U.S.  Amy  Electronics  Command 
Ft.  Monmouth,  New  Jersey  07703 


ABSTRACT 


Radiation  pattern  measurements  were  performed  on  an  eleetriealiy-small 
loop  antenna  on  a 40:1  model  of  a Ull-ID  airframe.  Various  loop  iced  methods 
were  used,  and  the  efiectu  on  radiation  chaiaeteristics  noted. 

Major  implications  are  that  (1)  unbalanced  and  grounded  feed  modes  create 
considerable  airframe  reradlatioi.,  and  (2)  a balanced/ isolated  mode  produces 
patterns  comparable  to  f tee-space  patterns  indicating  minimization  oi  airirunie 
reradiatioti  effects. 


Background 

A feasibility  study  of  electrically-small  loops  as  HE  (2-12  MHz)  truns- 
nitting  anuuuias  tor  the  UU-1D  aircraft  is  underway*.  One  design  goal  is  to 
.obtain  vertical  polarization  directivity  to  port  and  starboard;  another  is 
that  the  antenna  should  hav?  negligible  oilectH  on  flight  eharac  Lev 1h  L i es  • 

Experimental  investigations  ire  1-uinp  performed  on  a single- turn  ertieul 
loop  which  is  (1)  wrapped  around  the  airiraiue  perpendicular  to  the  centerline 
cl"  the  aircraft,  and  (2)  conformal  in  that  the  loop  follows  the  airframe 
contour  aud  is  closely  spaced  to  the  air  frame. 

A 40:1  scale  model  Is  being  used.  Figure  1 shows  the  dimensions  of  the 
scale  model  and  the  location  ol  the  loop  antenna.  The  major  "resonant 1 
features  ol'  the  UIl  3D  are  the  rotor  and  the  airframe  length  uL  the  high  end  of 
the  .rand.  The  specific  candidate  loop  coni  lguration  lias  a e i reunite  retire—  to— 
wavelength  ratio  of  G.4X  at  12  Mils  aud  is  located  approxima  ely  3m  from  the 
nose  of  the  UIl- 11)  on  »:he  full-scale  model. 

An  anteiuui  configuration  of  the  type  described  •’ «' o’>e  could  exhibit 
considerable  electrical  coupling  to  the  airframe  with  attendant  radiation 
pattern  distortion.  Sluce  an  eleeLri cully-small  loop  has  inherently  low 
etticiency,  die  desired  radiation  from  the  loop  cueld  he  significantly  altered 
by  undesired  airframe  roradlatlou.  'Hie  to 11 owing  reports  on  methods  lor 
"decoupling"  the  loop  from  the  airframe  in  order  to  acquire  radial  ton 
characteristics  similar  to  tree-space  conditions. 


*Worlc  performed  under  Contract:  DAAB07-75-C-1.94H  with  t lu1  II. S.  Army  Elect  i on  I es 
Command . 
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Theoretical,  free-spuee  patterns  were  calculated  in  order  to  provide  a 
reference  point  for  the  experimental  data.  Derivations  given  in  King  [lj  were 
used  with  the  coordinate  configuration  shown  in  Figure  ..  Consider  a loop 
lying  in  the  XY-plaue  with  its  center  at  the  origin  ol'  the  rectangular 
coordinates  X,  Y,  and  Z.  The  loop  radius  is  b,  and  the  drive  voltage  source 
is  V which  creates  a current  1(<|i)  in  the  loop  element.  The  current  distribu- 
tion is  given  by 


whore 

(,  " the  characteristic  impedance  of  the  loop, 

A ■ u constuut  representation  of  the  nth  order  current:  mode,  and 
n 1 

u » an  Integer  which  is  the  order  of  the  current  mode  undet 
consideration. 


The  postulated  current  distribution  assumes  that  higher-order  dipole 
modes  exist  lu  addition  to  the  u«0  i ireulatlng  ruagnutic  inode  that  is  normally 
used  to  culeulate  the  iai—  field  putt  unis  for  clectr ieaily-stuall  loops.  Whuu 
the  loop  circuwturence-lo  wavelength  nirto  is  <1,  the  mosL  significant  inodes 
are  n**0  and  n«*l;  the  modes  ior  n>2  cun  be  ignored.  In  this  case  the  resultant 
tar- tie Id  E- field  consists  of  an  15  component  varying  as  sin  V and  an  E() 
component  varying  as  coo  0.  The  li*?  component  is  tie  classical  loop  figure- 
uiglit  pattern  due  to  the  u**0  mode.  15  is  created  by  the  higher-order  dipole 
modes  and  is  a major  function  of  the  Jo  jp  electrical  size.  For  the  candidate 
Dll- ID  loop,  theory  predicts  the  15  and  E maxima  are  of  comparable  amplitude 
at  the  upper  end  of  the  2-12  HU/,  baud. 

The  loop /airframe  may  be  viewed  as  an  Il-f  ielil  element  (loop)  enclosing  a 
conducting  cylinder  (airframe).  It  is  knowu  that,  if  equal  and  opposite  RF 
currents  can  be  induced  on  a conducting  cylinder,  reradiation  effects  can  be 
minimized.  The.  loop  is  physically  balanced,  i.u.,  symmetrical  about  the  Uli-ID 
centerline  axis;  therefore,  it  was  postulated  that  some  degree  of  airframe 
reradiation  reduction  might  be  obtained  by  driving  the  loop  with  an  elec- 
trically balanced  feed. 

The  concept  that  an  antenna  system  that  is  physically  and  electrically 
balanced  will  produce  less  airframe  reradiation  has  been  previously  proven  to 
be  a very  successful  technique  for  E-fiuld  elements  (dipoles)  mounted 

[.1  ] King,  It.  W.  P,  and  C.  W.  Harrison,  Antennas  and  Haves:  A Modern  Approach, 

MIT  Pr*  .,s,  1969,  Sections  9. A and  9.5. 
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perpendicular  to  flat  airframe  structures  such  as  wings.  For  example, 

Carter  [2]  demonstrated  that  in  the  HF  region  a dipole  can  be  mounted  with 
elements  over  and  under  the  wing  of  an  aircraft  and  coupling  to  the  airframe 
minimized.  Bo^ljalni  and  Reese  [31  conducted  similar  investigations. 

What  is  postulated  is  that  the  UH-1D  loop  with  a balanced  feed  is,  in 
> v e an  H-field  equivalent  of  the  dipole/wing  situation.  Rather  than  a 
balanced  uipole  (E-field  element)  mounted  over  and  under  a conductor,  we  have 
a balanced  loop  (H-field  element)  enclosing  a conductor.  In  a way,  the  two 
configurations  are  analogous  and  electrical  duals. 


Three  loop  antenna  .feed  configurations  were  investigated:  (i)  an 

unbalanced  mode  with  one  side  of  the  loop  driven  and  one  side  grounded  to  the 
airframe,  (2)  an  unbalanced  mode  with  the  feedpoints  isolated  from  the  air- 
frame, and  (3)  a balanced  mode  with  feedpoints  isolated  from  the  airframe. 


Experimental  Investigations 

Tests  were  performed  on  the  40:1  scale  model  in  an  anechoic  chamber  at 

400  MHz  (10  MIlz  full-scale).  Figure  2 shows  the  pattern  measurement 

coordinate  system.  Azimuth  and  transverse  plane  patterns  were  obtained  for 

both  E„  and  E.  field  components, 
v $ 


Test  Results 


I WVl 


Figures  3 and  4 illustrate  the  feed  effects  on  the  azimuth  plane  charac- 
teristics. The  unbalanced  mode  (Figure  3)  creates  relatively  largo  symmetrical 
Eg  components  with  maxima  port  and  starboard.  The  E,  component  is  relatively 
small  and  highly  asymmetrical.  The  same  characte.istics  were  evident  tor  the 
balanced/grounded  feed  configuration.  A comparison  of  Figures  3 and  4 dem- 
onstrate the  significant  change  in  radiation  charactet i sties  when  the  balanced/ 
isolated  feed  is  used;  the  Figure  4 patterns  correspond  very  closely  to  the 
theoretical,  free-apace  patterns.  Both  E0  and  E^  arc  symmetrical,  spatially 
orthogonal,  and  with  maxima  oriented  in  the  proper  azimuthal  directions.  It 
was  also  observed  that  the  E0  level  increased  considerably  when  the  balanced/ 
isolated  inode  was  used. 

Transverse  plane  patterns  show  that  both  the  E0  and  E,;,  components  are 
essentially  onuiidlrection.il.  For  the  unbalanced  and  grounded  feed  modes,  the 
l:0  levels  exceed  the  levels  from  2 to  13  dB;  however,  for  the  balanced/ 
isolated  mode  the  level  exceeds  the  Eg  level  by  abouc  b-'J  dB  - a situation 
that  more  closely  approaches  free-space  characteristics. 


Tests  were  also  conducted  on  an  80:1  scale  model  at  400  MHz  (5  MHz  full- 
scale)  and  similar  results  obtained. 


(2]  Carter,  P.  S.,  "St..dy  of  the  Feasibility  of  Airborne  HF/OF  Antenna 
Systems,"  IRE  Trans.  Aero,  and  Nav.  Elec.,  March  1957,  pp.  19-23. 

[3]  Bolljahn,  J.  T.  and  R,  F.  Reese,  "Electrically-Small  Antennas  and  the  LF 

Aircraft  Antenna  Problem,"  IRE  Trans.  Antennas  and  Propagation,  Oct. 
1957,  pp.  46-54.  
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OK  SMALL  ANTENNAS  ON  AIRCRAFT 

lolmsgu  J,  11,  Wang 

Electromagnetic  BlTeclivuness  Division 
Applied  Engineering  Laboratory 
Engineering  Kxpuriiae.it  Rial  I on 
Georgia  lurtituie  cl  Technology 
Atlanta,  Georgia  10332 

Abstract ; Tin  method  ui  mouieut  computational  luchrique  was  employed  lor 
the  analysis,  design,  ami  opLvnlznt  i<  r of  i ns t rumen t-pocl-mw  > <c  v.  c 
un.enuus  on  an  a! recall . The  aiierull  was  simulated  with  a wire-grid  model 
and  satisfactory  numerical  convergence , even  101  -lie  Impedance , was  leliievcd. 
An  anomaly,  however,  cxisLs  lor  the  ease  of  u folcie  . dipole  with  ends  termi- 
nated oi.  the  p».d. 

Summary : (..•.’•ikin'*.  method  and  wire-grid  modelling  |1]  was  employed  i.i 

perforin  n compreliensl ve  in. i lysis  of  the  p..Itcr-i  and  impedance  of  •*»ini nimer *- 
pod-mounted  wiie  antennas  on  an  alrcratt..  The  frequencies  of  interest  are 
such  that  the  alrcraLt  is  several  wavelengths  long  with  its  compuler- 
printed  lop-vlew  gmmetty  shown  In  figure  1.  Knot  asterisl'  I'enresetii'H  a 
J unci  ion  or  end  point  of  tin1  wire- grid  structure  end  tin  • to  rnlenuu 
mounted  on  it. 

KxeeLlmt  eonvergeme  oi  tee  uuy.'ricu L so > nliou  lor  f ie  radiation 
p icterus  was  « buerved  as  shown  In  the  typical  exaunlu  oi  figure  2,  fair 
convergence  was  also  achieved  lot  tlu.  impedance  calculations  as  show;-1  in 
examples  of  figure  . Up  to  2hl)  segments  were,  usid  lor  the  wire-grid  model 
and  2 to  5 minuter  Gl’U  time  was  needed  tor  each  calculation  of  the  Impedance 
and  pattern.  This  relatively  line  eti e-grid  structure  r» suited  in  goon 

5fc 

This  research  was  supported  by  >.  'hmtraet  No  FL06t.‘>-75-C-l22'3. 

147 


numerical  convergence.  Such  line  wire  grinding  Is  required  to  obtain  good 
results  lor  complex  coni igurat lous  12].  DuiJng  the  study,  several  alteiuuLc 
wire-grid  i .mt  iguriilious  employing,  lroin  120  to  2fu)  wive  segment s were 
examined.  Although  ( lie  Impedance  calculation*,  ruqulrou  use  ot  the  maximum 
number  ot  segmo*  s to  establish  convergence  ol  Liu*  solution,  the  radiation 
pattern  so  Lotion  exhibits  convergence  wiLh  a lewet  number  ol  segments.  Thus 
both  reliable  Impedance  and  pat  lorn  data  can  V’  obtained  UHlng  a reasonable 
number  ot  wire  segments  In  the  model, 

An  anomaly  ot  the  compulations1  technique  was  observed  when  it  was 
applied  to  u loJdcd  dipole  terminated  on  tin.  Iiu.lrum-’ut  nod  as  shown  In 
Figure  A.  dap  id  and  large  changes  in  Impedance  accompanied  each  variation 
ol  tlie  segment  at  ion  k,  lie  hr*  , aim  extremely  poor  convergence  behdvloi  wan 
uobed.  However,  when  the  loldcd  dipole  was  r.boluLed  1 rum  the  pod  Instead  of 
being  terminal cd  on  it,  good  convergence  behavior  was  ohsetved,  as  shown  in 
Viguru  b. 

An  extenuive  study  was  made  to  examine  this  anomaly.  Various  wire-grid 
configurations  which  were  liner  and  more  detailed  than  the  one  shown  In 
Figure  b were  eu, ployed  and  they  invariably  led  to  erratic  impedance  data. 
However,  reasonable  and  consistent  pattern  datu  were  generated  In  all  cases 
examined . 

The  erratic  behavior  ol  the  impedance  for  the  pod-terminated  folded 
dipole  is  attributed  to  two  effects.  First  tin*  antenna  current  is  directly 
coupled  to  the  pod  wire-grid  model,  thus  producing  strong  Interior  coupling 
between  the  wire  segments  which  model  the  pod.  This  coupling  produces  a 
significant  interior  resonance  effect.  Second,  the  wires  which  model  the  pod 
tend  to  simulate  a multi-element  folded  dipole  which  tends  to  increase  the 
impedance  proportional  to  the  number  of  grid  segments. 


I 

I 


it  cu.i  be  concluded  that  wire-grid  mode  11  lug  is  a reliable  approximation 
in  scattering  problems  but  should  be  used  with  caution  in  antenna  problems, 
Thu  ULi-  of  a surface-type  integral -equation  should  circumvent  the  numerical 
difficulties  which  have  been  discussed  for  antennas  which  are  directly 
terminated  on  the  surface. 


1 ui'e  ‘cnees ; 


1.  J.  11,  Richmond,  "A  Wire-Grid  Model  for  Scattering  by  Conducting  Bodies," 

IEEE  Trans.  Antenna  Propup, at. , AP-14,  November  1966,  pp.  782-786, 

2,  Y.  T,  Lin  and  J.  II.  Richmond,  "EM  Modelling  of  Aircraft  at  Low  Frequencies," 
1 El'll  Trans.  Ant  , Propagation,  AP-23,  January  1975,  pp.  53-56. 
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examples  of  convergence  tests 


NO,  POINTS 

NO,  SEGMENTS 

IMPEDANCE 

(OHMS) 

CASE  h 
FOLDED  DIPOLE 
NEAR  POD 

78 

m 

29.36-i-jW6.91 

96 

102 

29,93+j15A,65 

CASE  II; 
SINGLE  DIPOLE 

133 

l'l9 

10. 38+ Jl. 06 

UNDER  AIRCRAFT 

153 

169 

12.33+j5,?A 

FIGURE  3, 


EXAMPLE  OF  CONVERGENCE  TES1S  ON  IMPEDANCE 


FIGURE  A.  A FOLDED-DIPOLE  INTEGRATED  INTO  THE  INSTRUMENT  POD 


IMPEDANCE  (OHMS] 

NO.  OP  SECHENTS 

Case  Z 

29.4  + JM6.4 

8a 

Caa*  It 

29.9  4.  J154.? 

102 

figure  s 

A FOLDED  DIPOLE  IN  CLOSE  PROXIMITY  TO  A CONDUCTING  POD 
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LOW  PROFILE  VHF  ANTENNA  FOR  ARMOR 
J,E.  Brunner,  G.  Seward 
Cincinnati  Electronics  Corporation 

ABSTRACT 

A low-profile  hardened  antenna  has  been  designed  for  30  to  80  MHz  communications 
on  armored  vehicles.  The  low  antenna  height  makes  it  relatively  inconspicuous  and 
yet  its  radiation  efficiency  will  be  adequate  for  most  tactical  needs.  Its  6 -inch  height 
is  less  than  ?V60  at  30  MHz.  Use  of  armor  plate  and  fiberglass -epoxy  construction 
results  in  very  low  vulnerability  to  blast  and  shell  fragments.  Automatic  tuning  is 
also  included. 


SUMMARY 

The  electrically  small  antenna  configuration  herein  described,  is  designed  to  provide 
the  physical  properties  required  for  operation  on  tactical  armored-vehicles  under 
battle  field  condition.  These  properties  include  minimal  visual  detectability  and  the 
capability  to  withstand  high-intensity  shock  blasts  and  shell  fragments.  Also,  it  is 
desired  that  the  antenna  provide  a reasonable  communication  range  (approx.  5 miles) 
when  operated  in  conjunction  with  standard  VHF  military  radios  such  as  the  VRC-12 
and  PRC -77.  A further  consideration  is  ability  to  mount  the  subject  antenna  using 
the  existing  mounting  holes  employed  by  the  AS-1729  10-fool  whip  antenna. 

As  illustrated  in  figure  1,  the  subject  antenna  is  basically  a short  monopole  which  is 
heavily  top-loaded  by  a disc  formed  of  armor-plate  material.  The  disc  is  supported 
above  the  surface  of  the  vehicle  (tank  hull,  etc. ) by  a layer  of  dense  dielectric  material, 
such  as  fiberglass,  to  reduce  vulnerability  to  damage  by  shell  fragments  and  shock 
blast. 

The  disc  is  spaced  approximately  6 -inches  above  the  vehicle  surface  and  is  18-inches 
in  diameter.  The  dr  ‘gn  is  somewhat  flexible  in  that  the  disc  can  be  shaped  to  con- 
form to  the  vehicle  surface  and  spacing  can  be  somewhat  altered  as  necessary. 

The  heavily  top-loaded  monopole  configuration  was  chosen  in  order  to  provide  maximum 
radiation  resistance,  by  virtue  of  near  uniform  current  distribution,  while  maintaining 
minimum  height  to  satisfy  the  operational  constraints.  For  a height  of  6-inches,  the 
top-loaded  configuration  provides  a radiation  resistance  of  0.36  ohm  to  2.6  ohms  over 
the  30  to  80  MHz  frequency  range.  The  antenna  is  matched  by  a series  inductor  and 
shunt  capacitor  which  are  housed  in  the  antenna  coupler  unit  shown  in  figure  1.  For  a 
minimum  inductor  Q of  20ft  the  composite  antenna  efficiency  varies  from  11%  at  30  MHz 
to  70%  at  80  MHz.  Matching  to  a 50  ohm  source  is  accomplished  as  shown  in  the  Smith 
Chart  plot  of  figure  2. 


Over  the  frequency  range  of  interest,  it  has  been  shorn  that  the  antenna  can  be 
matched  to  within  a 2:1  VSWR  by  vailing  the  shunt  capacitance  in  direct  propor- 
tion to  the  series  inductance.  In  other  words,  the  antenna  can  be  matched  by 
rotation  of  a single  shaft  which  drives  a gear  tria  designed  to  provide  the  necessary 
linear  proportionality  between  capacitance  and  inductance  values.  The  above 
approach  is  possible  by  virtue  of  the  fact  that,  the  shunt  capacitance  value  is  not 
extremely  critical  even  though  the  very  short  antenna  represents  a rather  higli-Q 
structure.  For  example,  a 4:1  valuation  of  the  antenna  resistive  component  (inductor 
loss  resistance  plus  radiation  resistance)  can  be  matched  within  a VSWR  of  2:1  with 
a given  value  of  shunt  capacity.  The  single  shaft  tuning  capability,  combined  with 
control  signals  derived  by  sensing  the  magnitude  of  input  RF  current,  current  through 
the  shunt  capacitor  and  aitenna  current,  has  resulted  in  an  automatic  matching  system 
which  allows  matching  at  any  freqemey  within  the  30-80  MU'/  band. 

Communication  Range 

Predictions  of  communication  range,  based  upon  ground-to-ground  VHF  propagation, 
have  been  made  for  the  Low-profile,  hardened  antenna.  These  predictions  have  been 
made  for  two  types  of  radio  equipment,  the  AN/VllC-12  and  AN/PRC-77,  deployed  in 
combinations  tabulated  below,  Table  1. 

For  combinations  (a)  and  (b)  Low-profile  Antenna  (LPA)  is  employed  at  one  end  of 
the  link  and  the  AS-1729  vehicular  whip  is  used  at  the  other  end  of  the  link.  Combin 
ations  (c)  and  (d)  use  an  LPA  at  both  ends  of  the  communication  link. 

TABLE  1 - COMMUNICATION  LINKS 

Antenna  Types  Radio  Type  Transmitter  Power  (Watts) 

40 
2 

40 


fa)  AS-1729  to  LPA 

(b)  AS-1729  to  LPA 

(c)  LPA  to  LPA 
fdl  LPA  to  LPA 


AN/VRC-12 
AN/PRC -77 
AN/VRC-1? 
AN/PRC-77 


For  each  combination,  the  antennas  are  considered  to  be  at  ground  level  and  the 
signal  level  at  the  50-ohm  receiver  input  is  assumed  to  be  one  microvolt  (-107  dBm), 
This  level  corresponds  to  a receiver  input  signal  to  noise  ratio  of  ten  dI3  and  is 
equivalent  to  approximately  25-dB  S/N  ratio  at  the  receiver  audio  output  for  the  radio 
equipment  under  consideration,  provided  the  equipment  is  in  good  operating  c mdltion. 

Computations  are  based  upon  propagation  over  a smooth  earth  with  the  following  c 11 
constants. 


Relative  Dielectric  Constant  Conductivity  (mhos/meb-v) 

Poor  Soil  4 0,  001 

Good  Soil  30  0, 02 

Propagation  curves,  originally  prepared  by  K.  Bullington  of  Bell  Laboratories,  were 
utilized  in  the  range  computations. 
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Results  of  the  range  predictions  are  given  in  Table  2 lor  the  various  antenna  and 
radio  combinations  listed  in  Table  1.  Analysis  cl  the  data  shows  that,  for  a fixed 
sot  of  parameters,  good  soil  gives  more  than  twice  the  range  obtained  over  poor 
soil.  Also,  using  a 40-watt  radio  gives  about  twice  the  range  provided  by  a two- 
wait  radio  under  the  same  conditions. 

It  is  significant  that  the  six -inch,  Low  profile  Antenna  (LPA)  at  each  end  of  a 
tactical  linlc  will  give  reliable  range  of  five  miles  or  greater  over  any  type  sell 
with  the  40-watt  radio.  Using  the  lower  power  two -watt  radio  two  low  profile 
antennas,  Condition  (il),  will  yield  a five-mile  range  over  good  soil,  liven  the 
worst  ease  (condition  (d)  over  poor  soil  at  00  MHz)  will  provide  adequate  coverage 
within  typical  operational  areas  of  a tank  or  lncehant/od  infantry  company. 

TABLE  2.  COMMUNICATION  RANG! '.--STATUTE  MILES 


h - : 

• 0" 

h = (!" 

(Good  Soil) 

(Poor  Soil) 

Condition 

20 

GO 

J10 

GO 

w 

AS-1729-L1’A  + (40YV) 

10 

12 

8. 0 

5.7 

<1» 

AK-1729-LPA’'  (2W) 

9.4 

G.  4 

4.0 

2.8 

<C) 

LPA-LPA*  (4CW) 

11.0 

11.0 

4.  G 

5.0 

(Cl) 

l.PA-LPA  (2W) 

5.4 

5.4 

2.2 

2.3 

•Low-profile  Antenna 
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Figure  1.  Low- Profile  VHF  Antenna 


SLOT-ANTENNAS  FOR  VEHICULAR  COMMUNICATION  IN  THE  VHF  RANGE 

Kurt  Ikrath 

Conmunications/Autoraatic  Lata  Processing  Laboratory 
U.  s.  Army  Electronics  Command,  Fort  Monmouth,  New  Jersey  07703 
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A test  series  was  conducted  establishing  that  long  slots  in 
the  matal  skin  of  vehicles  can  be  used  as  inconspicuous  but 
efficient  antennas.  The  following  configurations  were  studied; 
a.  A “cioorslot  antenna"  provided  by  a slightly  opened  door  of 
a truck-carried  shelter;  b.  A U-shaped  "roof -slot  antenna" 
in  the  moderately  raised  (false)  roof  of  a similar  truck-carried 
shelter;  c.  A “hood-slot  antenna"  provided  by  electrically 
isolating  the  motor  hood  of  a jeep  from  the  main  body  of  the 
vehicle;  and,  d.  A "dual-slot  antenna"  obtained  by  replacing 
the  bustle  rack  on  the  turret  of  a tank  by  a sheet  metal  con- 
traption bent  around  the  back  part  of  the  turret. 


1.  INTRODUCTION 

When  one  considers  the  mechanical  and  electromagnetic  relations 
between  idealized  versions  of  whip  and  of  slot  antennas  (1] , it  is 
evident  that  vehicular  whip  antennas  can  be  replaced  by  slot  anten- 
nas. In  practice,  however,  an  ideal  whip  antenna  can  be  approached 
more  closely  than  can  an  ideal  slot  antenna,  which  is  flush  with  the 
surface  of  a vehicle. 

The  impedance  and  radiation  characteristics  of  a vehicular  slot 
antenna  are  greatly  influenced  by  the  structure  of  the  vehicle,  par- 
ticularly at  VHF  where  the  vehicle  dimensions  are  comparable  to  the 
wavelength.  In  this  case,  the  metal  body  of  the  vehicle,  rather  than 
the  slot,  acts  as  an  antenna  coupled  by  means  of  the  slot  to  the 
radio  set  inside  the  vehicle.  This  utilization  of  trucks,  jeeps,  and 
tanks  as  antennas  by  means  cf  slots  is  part  of  a larger  effort  to 
exploit  diverse  stationary  and  mobile  structures  of  urban  .nvironments 
as  inconspicuous  camouflaged  radio  antennas  [2] , [3] . 
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2.  Jl’EP  HUOD-SLOT 


2.1.  Construction.  The  existing  slot  between  the  body  and  hood 
of  a jeep  (Fig.  1)  was  used  to  operate  the  jeep  as  an  inconspicuous 
VHF  antenna. 

2.2.  Impedance  Matching,  Principally,  two  methods  were  used  to 
match  the  impedance  at  a chosen  feed  point  along  the  hood  sloe  to  the 
50-ohms  transceiver  impedances  (1)  The  slot  feed  point  iir.pet.ance  was 
tuped  to  50  ohms  by  reactive  loading  of  the  slot  at  chosen  tuning 
points,  and  (2)  A matching  circuit  in  the  feed  cable  was  used  to 
match  Hie  impedance  at  a chosen  slot  feed  point  to  the  50-ohms  feed 
cable.  Combinations  of  both  methods  were  also  used  in  conjunction 
with  radiation  pattern  control  experiments. 


2.3.  Radiation  Pattern  Control.  The  shapes  of  radiation 
patterns  were  varied  by  changing  the  slot  configuration,  i.e.,  the 
locations  of  feed-  and  tuning  points  along  tire  slot,  and  by  unbal- 
ancing the  reactive  loading  at  symmetrically-located  tuning 
points.  This  reactive  loading  included  short-  and  open-load  con- 
ditions as  limiting  cases.  Figure  2 snows  the  different  types  of 
radiation  patterns  which  were  obtained  with  different  configurations 
of  slot  feed  loading  circuits. 


2.4.  Communications  Range.  Using  30  to  40  watts  of  RF  power 
and  operating  on  49.9  MHz,  a communications  range  of  15  miles  was 
achieved  between  the  hood-s lot-coupled  jeep  and  a fixed  base  station 
employing  a standard  whip  antenna. 


3.  ROOF-SbOT  ANTENNA 

3.1.  Construction.  A false  roof  was  installed  20  cm  above 
the  actual  roof  of  a vehicular  shelter.  A U-shaped  slot  was  cut 
along  the  edges  of  the  false  roof  (Fig.  3). 
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3.2.  Impedance  Matching,  The  same  type  of  impedance  matching 
as  described  in  Section  2.2  was  used. 

3.3.  Radiation  Pattern  Control.  The  shapes  of  the  radiation 
patterns  were  controlled  by  reactive  loading  and  interchanges  of 
slot  feed-  and  tuning-points,  as  in  the  case  of  the  Deep.  Typical 
patterns  are  shown  in  Fig.  4 relative  to  the  pattern  from  a standard 
vehicular  whip  mounted  on  the  same  vehicle. 

3.4.  Communications  Range.  Using  30  to  40  watts  RF  power  and 
operating  on  30.7  and  49.9  MHz,  a communications  range  of  up  to  18 
miles  was  achieved  with  the  roof-slot-coupled  truck  and  fixed  base 
station  employing  a standard  whip. 
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4.1.  Construction.  A dual-slot-structure  Wi.s  dnvi sert  to 
excite  tlie  tank  as  an  antenna.  Two  slots  (10  to  30  cm  in  width) 
were  .formed  by  the  gaps  between  the  wall  of  the  turret  and  a heavy 
metal  sheet  2.5  imn  thick,  50  cm  wide,  and  2 x 194  cm  lonq,  which 
was  bent  around  the  back  half  of  the  turret.  This  metal  sheet 
also  served  as  the  support  for  a bustue  rack  (Fig.  5) . 

4.2.  Impedance  Matching.  The  slot  impedance  was  matched  to 
the  50-ohms  feed  cable  by  mesfos  of  a matching  circuit  mounted  on 
the  turret  at  the  center  of  the  upper  slot. 

4.3.  Radiation  Patterns.  Radiation  patterns  obtained  under 
symmetrical  feed-  end  load-conditions  » f the  dual-slot-ctructure 

on  the  tank  are  given  in  Fig.  6 relative  to  the  pattern  of  a standard 
whip  on  the  tank. 

4.4.  Communications  Range,  Employing  30-  to  50-watts  RF 
power  and  operating  on  30.1  and  49.9  MHz,  a 15-to  18-mile  communi- 
cations range  between  the  dual-slot-coupled  tank,  the  false-roof 
slot-coupled  truck,  and  the  hood-slot-coupled  jeep  was  achieved. 
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ABSTRACT 

A moment  method  solution  for  thin  wire  antennas  in  the  presence  of  lossy 
and  inhomogeneous  dielectric  and/or  ferrite  bodies  is  presented. 


I.  INTRODUCTION 

A theory  and  computer  proqram  have  been  developed  to  treat  thin  wire 
antennas  in  the  presence  of  dielectric  and/or  ferrite  inhomoqeneitios.  These 
techniques  are  relevant  to  small  antennas  since  many  small  antennas  (i.e.,  loops, 
dipoles,  etc.)  are  thin  wire  structures.  Also  many  small  antennas  radiate  in 
the  presence  of  dielectric  or  ferrite  inhomugenoitics.  Common  examples  are  the 
man  pack  antenna  and  a ferrite  loaded  loop.  It  is  well  known  that  the  inhomo- 
geneity  can  significantly  modify  the  far-field  pattern,  impedance,  resonant 
length,  efficiency,  bandwidth,  etc.  of  the  sntenna  .lie  theory  is  sufficiently 
general  to  treat  lossy  and  inhomogeneous  dielectric  and  ferrites,  and  when  fully 
developed,  the  computer  program  will  be  capable  of  showing  the  effects  of  the 
inhanogoneity  on  the  above  quantities.  It  is  important  to  note  that  the  com- 
puter program  will  be  capable  of  making  parameter  studies  which  would  be  cumber- 
some to  do  experimentally,  such  as  showing  the  effects  on  the  efficiency  of 
varying  the  inhomogeneity  ’oss  tangent. 

In  Section  II,  the  theory  upon  which  the  computer  program  is  based  will  be 
outlined.  The  analysis  is  a moment  method  solution  where  the  dielectric  and/or 
ferrite  is  represented  by  equivalent  volume  polarization  currents.  The  solution 
is  accurate,  but  is  in  practice  limited  to  electrically  small  inhoniogeneities. 

In  Section  III  ^ome  initial  results  for  the  admittance  of  dielectric  loaded 
loops  are  compared  with  experiment.  Theory  and  experiment  are  in  good  agreement. 

II.  THEORY 

In  U is  section  the  moment  method  solution  to  thin  wire  antennas  in  the 
presence  o+  a dieliclric  and/or  ferrite  inhomoqeneity  will  be  outlined. 

The  basic  problem  is  illustrated  in  figure  1j.  Let  S denote  the  surface  of 
the  wire  structure,  and  let  V denote  the  interior  volume  occupied  by  the  in- 
homogeneity.  The  impressed  sources  (Oj,Mj)  are  considered  to  be  time  harmonic 


^TKe  work  reported  in  this  paper  was  supported  in  part  by  Contract  DAAU  29-76 
0-0067  between  U.  S.  Army  Research  Office,  and  The  Ohio  State  University 
Research  foundation. 
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and  the  time  dependen.ee  will  be  suppressed.  The  ambient  medium  (external 
to  S and  V)  is  free  space  and  has  parameters  (uoj£q)*  The  medium  internal  to 
V has  parameters  which  can  be  complex  functions  of  position.  Thus,  the 

in homogeneity  can  be  inhomogeneous  and  lossy.  In  the  presence  of  the  wire  arid 
the  inhonogeneity,  the  sources  (0_i *Hi ) generate. the  field  (£,H).  In  free  space, 
these  sources  generate  the  incident  field  (E_i , H_i ) . Thus,  we  liave  known  sources, 
radiating  an  unknown  field,  (£,H),  in  the  presence  of  two  distinct 
inhomogenei  ties,  which  are  the  wire  anl  (Fielectric/ferrite. 

The  first  step  in  the  solution  is  to  replace  the  two  inhomogeneities  by 
equivalent  sources.  Specifically,  the  wire  can  be  replaced  by  free  space  if 
the  following  surface  current  densities 

J = n x H (1 5 

—s  — 

= £ x n (2) 

are  introduced  on  the  surface  S.  The  unit  vector  n is  directed  outward  on 
S.  Also,  the  dielectric/ferrite  inhomogeneity  can  be  replaced  by  free  space 
if  the  volume  polarization  currents 

J.  = jw(e-e0)lt  (3) 

M = jw(p-u0)H  (4) 

are  introduced  in  the  volume  V.  The  equivalent  problem  is  shown  in  Figure  lb 
where  the  sources  (Jj.Mi),  (Jc  •Ms).  and  (J.,IE)  radiate  the  field  (E,H)  in  the 
free  space  medium  (p0»kq)*  ^t  is  important  to  emphasize  that  in  tKie  equivalent 
problem  the  sources  radiate  in  free  space.  (•]<;, Mj)  and  are  unknown  cur- 

rents since  the  field  (£,![)  is  unknnwn.  However,  they  are  evaluated  in  the 
course  of  the  moment  nioThod  solution. 

I’>i' low  we  employ  the  following  notation: 

{ L5 ,HS } = fields  radiated  by  in  free  space  (5a) 

= fields  radiated  by  (0.,M)  in  free  space  (5h) 

The  unknown  currents  are  expanded  or  approximated  by  a finite  series  of 
basis  functions  as  fellows: 


n=f|4l  1,>kn 


l 1,<L 

MiUj  1 


n H+M+ 1 


(9) 


H requires  no  separate  expansion  since  it  is  related  to  J by 

^s  “ Zs4  * " 

where  Zs  is  the  wire  surface  impedance  for  exterior  excitation.  Note  that 
Oc,  J_  and  M are  expanded  in  terms  of  N,  to,  and  P basis  functions,  respectively. 
The  unknown  coefficient  Ipi  n=l  ,2,*“N+M+P,  are  evaluated  by  enforcing  in  some 
approximate  sense  the  following  three  conditions: 

+ E.s  + 3 0 interior  to  S (10) 

in  V (11) 

in  V.  (12) 

Without  going  through  the  details,  enforcing  Equations  (10-12)  leads  to  the 
following  system  of  simultaneous  linear  equations 

[Z]I  = V (13) 

which  can  be  solved  for  the  vector  I containing  the  unknown  coefficients  from 
Equations  (6-8). 

The  advantage  of  the  above  solution  is  that  no  assumptions  are  necessary 
concerning  the  magnitude  of  the  currents  on  the  wire  or  in  the  dielectric/ferrite 
inhomogeneity.  Thus,  the  solution  can  approach  the  exact  solution  as  the  number 
of  unknowns  is  increased.  All  mutual  interactions  and  surface  waves  are  auto- 
matically included.  Further,  provided  subsectional  basis  functions  are  used, 
the  method  is  applicable  to  fairly  arbitrary  wire  and  inhomogeneous  dielectric/ 
ferrite  geometries. 

In  the  next  section  a comparison  between  computed  and  measured  admittance 
for  a dielectric  loaded  square  loop  will  be  given. 

III.  NUMERICAL  RESULTS 

In  this  section  numerical  data  will  be  presented  for  the  admittance  of  a 
dielectric  loaded  loop  antenna.  The  computations  are  made  using  the  techniques 
described  in  the  previous  section.  Referring  to  Equations  (6-8),  piecewise 
sinusoidal  modes  are  employed  to  expand  the  wire  current,  and  constant  current 
rectangular  parallelpiped  cells  are  used  to  expand  the  volume  polarization  cur- 
rents. Piecewise  sinusoidal  test  on  weighting  functions  are  used  on  the  wire, 
while  delta  functions  are  used  in  the  dielectric. 

The  geometry  for  the  dielectric  loaded  square  loop  is  shown  in  Figure  2. 

The  dielectric  is  centered  in  the  square  loop.  The  loop  has  side  lengths  s, 
and  thus  the  loop  circumference  is  L=4s.  The  inhomogeneity  has  dimensions 
by  d2  by  83  and  a relative  dielectric  constant  ur=e/e0.  For  tne  data  to  be 
present  here  s *•  3 in.,  d]  3 2.36  in.,  d2  3 2.60  in.,  and  d3  3 1.02  in.  The 
loop  is  constructed  from  tin  coated  copper  wire  of  radius  0.016  in.  Figures 
3 and  4 show  the  measured  and  calculated  loop  conductance  versus  L in  wave- 
lengths, and  for  er=2.1  and  10,  respectively.  Although  the  susceptance  is  not 
shown  here,  the  agreement  is  equally  good^. 
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Figure  la.  The  original  problem.  Figure  lb.  The  equivalent  problem. 
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Figure  2.  Geometry  for  dielectric  loaded  square  loop. 
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COUPLING  or  SMALL  ANTENNAS  WITH  HUMAN  BODY* 

Kun-Mu  Chen  and  Dennis  P,  Nyquist 

Department  of  Electrical  Engineering  and  Systemo  Science 
Michigan  State  University 
East  Lansing,  Michigan  488^4 


ABSTRACT: 

The  problem  of  the  coupling  between  the  near-  zone  EM  fields  of  an 
electrically- small  (whip)  •vatenna  and  the  body  of  a radio  operator  is  studied, 
Thu  impedance  characteristics  of  the  antenna  and  the  EM  fields  induced 
inside  the  operator's  body  are  determined.  The  EM  radiation  from  the 
combined  autenna-body  structure  is  studied, 

SUMMARY: 

When  an  cluctrically- small  (whip)  antenna  is  carried  on  the  buck  of  a 
radio  operator,  two  important  questions  which  arise  are:  (1)  what  are  the 
effects  of  the  human  body  on  the  performance  of  the  antenna?  and  (4)  what  are 
the  EM  fields  induced  in  the  operator's  body  and  their  possible  biological 
effects?  An  investigation  of  the  currents  and  EM  fields  In  a radiating  system 
consisting  of  the  small  antenna  coupled  with  a biological  body  is  necessary  to 
answer  these  questions. 

Consider  a thin- wire  antenna  of  radius  "a"  locatud  in  free  space 
adjacent  to  a conducting  biological  bod}  having  conductivity  ir  and  permittivity 
c i t r«  „ us  indicated  in  Figure  1,  The  antenna  is  excited  at  frequency  u by  a 
slice  generator  of  voltage  V . This  excitation  maintains  a current  f(iq  in  the 
in  tlie  unLcnua  and  an  induced  internal  electric  field  ls(r5  in  the  body.  f(i^  ami 
L ( r ) are  coupled  to  one  another. 

The  induced  field  E1  maintained  by  l(r)  in  the  antenna  cun  be  expressed 
as 


Figure  t.  Geometrical  arrangement  of  thin- wire  autein  a 
coupled  to  conducting  biological  body. 


1‘liis  research  was  supported  hy  the  Army  tilth  o ot  Itcst.ircli  under  Grant 
l)AAtl^9-Yf.-t *,-UA0i . 
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l(r')  • G(r,  r‘)ds‘  induced  field  maintained  by  I 


while  the  scattered  field  1JS  maintained  by  induced  conduction  and  polarization 
currents  J { r ) = | o + ju(<.-t(,)]  11  (r)  -t  E(r)  in  the  biological  body  (r  equiva- 
lent complex  conductivity)  is  given,  as  indicated  by  Van  Bladel  [1],  by 

♦♦  • * 

£V)  \ Jfr')  • fib  V.G^,  r')  - -'■*]  <1V  = scattered  field  (2) 

JV,  q J Uto  maintained  by 

b J* 

eq 

where  lb  V.  denotes  the  principal  value  and  G(r,  r')  is  the  free- space  tensor 
Green's  function 

G(v,  i*)  - wiJU^I  Go(rVr') 

k 

o 

and  C,,(r,  r')  . e jko^/^itU  .s  the  scalar  free- space  Green's  function  with 
ky  u \J|.t()<  0 ami  R = Ji*-  i*  | , in  the  biological  body,  the  total  field  is 


*y  » 

K I Is  E ...  at  points  in  tile  body, 


(5) 


while  the  boundary  condition  at  the  surface  of  the  auteiuia  requires 

V G(k)  ...  at  points  onaii'eiuia  surface.  (4) 


£ • (I?  . K“) 


Substituting  appropriate  forms  for  Kl  and  10s  from  ec|uations  (1)  and  (2)  into 

equations  (i)  and  (4)  leads  to  the  following  pair  of  coupled  integral  equations 

lor  1 - f»l  anti  E: 
a 

1 1 l E(«r)  - lb  V.\  t(‘')E(  *•)  • G(r,  r')dV 

\ l .(s')  s'  • G(i\  r'lds'  ...for  Mi)  V.  (5) 

Janl  h 

a - \ 1 (s')  s’  • G(r*  r'lds'  I s • \ t ()*)  K(r*')  •G(ib  r‘)  tIV' 

Janl  b •'« 


4« 

- V (<i(h)  ...  tor  >•  on  antenna  surlaee.  m) 

Equrlions  (b)  and  (C.)  can  be  snivel!  numerically  by  the  method  of  moments, 
following  the  method  described  by  Livcsay  and  Chen  [2|,  to  determine  the 
antenna  current  lB(s)  and  the  internal  field  1*  induced  in  tin-  body. 

ltascd  on  l^s)  the  input  impedance  to  the  antenna  eau  lie  determined, 
Kinn^the  value  of  E,  possible  biological  effects  can  be  evaluated.  Using 
1 i.i,  and  jK  (induced  cur ■■enl  ill  the  body),  the  EM  tield  radiated  l>y 

the  composite  .miemiii-liody  synlem  can  be  determined. 
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Numerical  results  are  obtained  for  a dipole  antenna  adjacent  to  a 
biological  body  with  a rectangular-  cylindrical  shape  as  indicated  in  Figure  2, 

The  short  dipole  of  half-length  h - 0, 1 kg  is  excited  at  a frequency  of  f - 50  MHz 
(free- space  wavelength  X0  = 6 m)  b y an  input  current  Iu  = 1 . 0 A,  At  this 
frequency,  <r  - 0.  75  mhos  and  t r = 89.  0 in  the  biological  body.  All  dimensions 
(selected  to  model  a human  radio  operator)  are  given  in  the  figure.  If  the 
dipole  current  is  approximated  by  the  sinusoidal  distribution  I (x)  = (IQ/sin  k h) 
sin  k0(h~|x |) , then  equation  (5)  can  be  solved  independently  for  2 since  its 
right-hand  side  becomes  a known  impressed  field.  The  magnitude  |E|  of  the 
induced  field  in  each  of  the  28  body  partitions  used  to  obtain  the  numerical 
solution  is  indicated  in  the  figure.  The  input  power  to  the  antenna  is  Pjn  ■■  5.  2 W 
while  the  power  dissipated  in  the  biological  body  is  = 0.  282  W, 

For  reference,  ti.r*  magnitude  |E|  of  the  field  induced  in  the  same  body 
by  a plane  wave,  propagating  in  the  z-direction  and  polarized  in  the  x-direction 
as  shown,  of  power  density  S0  - 10  mW/cm2  is  indicated  in  Figure  i.  The 
dissipated  powei  is  Pj  = 12.  9 W in  this  case.  Comparison  of  Figures  2 and  3 
shows  that  the  electric  field  induced  in  the  body  by  the  short  dipole  might  reach 
hazardous  levels  if  the  input  power  to  the  dipole  were  increased. 


The  dipole  impedance  can  be  calculated  in  terms  of  the  assumed 
sinusoidal  current  and  the  total  field  Ex  = E*  I Es  at  its  surface  by  the 
variational  formula  (based  on  equation  (4))  X 


m 


Z + Z 
o p 


lx(x)  Ex(x)  dx 


o 


Z = 
o 


Ix(^  i'-x(x)  dx  , 


y x-  dx 


where  ZC)  is  the  impedance  of  an  isolated  dipole  (when  Ex  - 0)  and  Z is  the 
perturbation  to  the  dipole  impedance  due  to  its  coupling  with  the  biological  body 
(when  Ex  :j.  0),  'tables  1 and  2 indicate  the  values  of  Z - perturbation  impedance, 
Zi„  = input  impedance,  Pin  = input  power,  Pcl  - power  Fdissipatuc1  in  body,  P = 
radiated  power,  and  the  power  ratios  Pt)/Pr  and  1’,,/P^  for  a dipole  of  half- 
length  h - 0. 1 X„  located  with  various  values  of  xt)  and  z0<  li  is  found  that  both 
Zp  and  Pj/Pin  depend  strongly  on  x0  while  they  steadily  decrease  fur  increasing 
z0.  fable  3 indicates  the  dependence  of  the  same  quantities  upon  location  x 
K>  - 0.  2 m - fixed)  for  a dipole  of  near-resonant  length  h - U.  25  Xu;  it  is  ° 
widen!  that  /<p  and  l>)|/l,jn  arc  relatively  insensitive  to  changes  in  x compart'd 
with  Ilia  corresponding  variations  for  a short  dipole. 
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Figure  t.  Electric  field  (magnitude  in  V/m)  excited  in  biological  body  by  ^ 
iiii|iroKsoil  plane  wave  (with  maximal  power  density  S > 10  mW/cni  ) 
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•zo(m) 

(ohms) 

Z.  (ohms) 
in 

P,  (W) 
in' 

Pd{W) 

Pr(W) 

P./P 
<r  r 

P./P. 
d in 

0.  1 

2,  36  - j6l , 4 

10.7  - J700. 7 

5.  35 

0.  565 

4.79 

0. 118 

0. 106 

0,2 

2.07  - J22.7 

10.4  - j662. 1 

5.  20 

0.  282 

4,92 

0.  057 

0.  054 

0.  3 

1.72  - j9.  10 

10. 1 - j6<-8.  5 

5.  03 

0. 167 

4.86 

0.034 

0,  033 

0,  5 

1.28  ••  ji.  53 

9.62  - ]*640.  9 

4.  81 

0.029 

4.72 

0.019 

0.019 

1.0 

w.  I mm  i m mhiii 

0.  99C  i-jO,  1 28 

9.32  - j639.  2 

4.66 

0.045 

4.62 

0.010 

0.010 

Table  1.  Dependence  of  impedances  and  dissipated  and  radiated  powers 
upon  dipole  location  z (h  = 0. 1 X , h/a  = 100,  x = 0,3m, 
yo  =0,  Zq  = 8.  33  - j 6 ? 9 - 4 ohms),0  1 


xo(m) 

7.  (ohms) 

Z^n  (ohms) 

P.  (W) 
in'  ' 

Pd(W) 

Pr(W) 

V*1, 

Pj  P. 
cr  in 

0.0 

-4.71  - jl 3 . 9 

3.62  - j6 53.  2 

1.81 

0.218 

1.  59 

0.  137 

0.  120 

0.  1 

-2.06  - jl 5. 1 

6.27  - j654.  4 

3. 14 

0. 181 

2.96 

u.  O'  l 

0.  058 

0.  2 

0.29  - jl 8.  3 

8.62  - j6 5/ . 7 

4,  31 

0.  204 

4.11 

0.  050 

0.047 

0.  3 

2.07  - j22. 7 

10.4  - j662. 1 

5.  20 

0.  282 

4.92 

0.  057 

0.  054 

0.7 

4.22  - j 3 3 . 1 

12.6  - j672.  4 

6.28 

0.623 

5.66 

0.  110 

0.  099 

Table  2.  Dependence  of  impedances  and  dissipated  and  radiated  powers 
upon  dipole  location  x (ii  - 0. 1 X . li/a  - 100,  y - 0,  •/,  - 

0.  2 in,  Zo  v;  8.  33  - j&.¥g.  4 «>hms).u  ° 0 


xu(m] 
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Zin  (°luu3) 

R (W) 
in'  ' 

Pd(W) 

P,(W) 

1>  ,/P 

(1  I* 

P,/P, 

If  HI 

-0.  3 

-20. 1 - j7. 30 

53.  0 1-  jl . 87 

26.  5 

0.  948 

25.  6 

0.037 

0.  036 

0,  0 

-9.75  - j2.  37 

63. 4 1 j6. HO 

31.7 

0.  964 

30.7 

0.  031 

0.  030 

0.  3 

-2.29  1 jl . 32 

70.  8 l-  jl  0.  5 

3 5.  4 

1. 04 

34,  4 
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Table  3,  Dependence  of  impechuu-.ei*  and  dissipated  and  radiated  pwers 
upon  dipole  location  x (h  0.  25  X , h/a  •••  1 00,  y ■ 0,  •/. 

i i _ . . o'  I) 
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EXPERIMENTAL  INVESTIGATION  OF  MANPACK  WHIP  ANTENNAS: 
ANTENNA  CHARACTERISTICS  AND  PROXIMITY  EFFECTS 

J.  W.  MINK 

COMMUNICATIONS/AUTOMATIC  DATA  PROCESSING  LABORATORY 
U.  S.  ARMY  ELECTRONICS  COMMAND,  FORT  MONMOUTH,  NEW  JERSEY  07703 


ABSTRACT 

Techniques  were  evaluated  to  determine  the  effects  of  an  operator's 
proximity  on  the  performance  of  VHF  manpack  antennas.  An  impedance  bridge 
of  manpack  size  that  can  be  remotely  operated  without  metallic  leads  was 
constructed  and  calibrated.  The  impedance  variations  due  to  proximity  effects 
were  systematically  investigated  throughout  the  30  to  80  MHz  band  for  various 
antenna  configurations.  This  investigation  showed  that  impedance  variations 
are  substantially  reduced  by  exciting  the  antenna  near  its  center. 

DISCUSSION 

The  objective  of  this  study  is  to  develop  a method  for  reducing  proximity 
effects  of  manpack  whip  antennas  in  the  VHF  band.  To  achieve  this  objective, 
an  experimental  investigation  of  antenna  impedance  variations  under  realistic 
operating  conditions  must  be  performed,  since,  in  general,  the  radiating 
system  is  very  complex  due  to  coupling  between  the  antenna  and  surrounding 
objects.  The  impedance  measuring  system  must  satisfy  the  following  require- 
ments: 


a.  Measuring  equipment  must  have  the  same  geometrical  size  and 
configuration  as  the  manpack  set. 

b.  Remote  operation  must  be  possible  without  metallic  leads,  since 
they  become  part  of  the  radiating  system  and  affect  impedance  measurements. 

A compact,  battery  operated  VHF  impedance  meter  was  not  commercially 
available;  therefore,  a measuring  system  had  to  be  developed.  It  was  deter- 
mined that  a resonant-bridge  impedance  meter  was  best  suited  for  the  measure- 
ments undertaken  in  this  investigation.  An  impedance  meter  which  included 
a crystal  controlled  signal  source  and  battery  was  constructed  in  manpack 
size  (9.5  "<  12.7  x 19  cm).  Measurements  ware  made  on  all  adjustable  bridge 
components  in  terms  of  dial  readings.  From  these  measurements,  empirical 
equations  with  minimum  square  error  were  obtained  for  each  component-  Equa- 
tions for  calibration  of  the  bridge  and  the  empirical  equations  for  the  bridge 
components  were  programmed  into  a computing  calculator  (This  technique 
enables  one  to  quickly  and  accurately  tranform  dial  settings  into  actual  im- 
pedance values.  One  can  also  program  the  computer  to  take  into  account  any 
transmission  line  between  the  terminals  of  the  impedance  meter  and  the 
antenna  excitation  point.) 

A test  stand  that  places  the?  impedance  motor  at  a typical  operating 
"height  above  ground  was  constructed  entirely  of  die! ecti i c materials . Remote 
tin  ling  ol  thr  impedance  meter  w.r;  accomplish*  d by  mean?;  o,:  din"1  strings  from 


the  impedance  meter  shafts  to  parallel  shafts  at  ground  level,  then  by  means 
of  fiberglass  rods  along  the  ground  to  the  operator's  position.  With  this 
setup,  it  was  found  that  the  operator  could  null  the  impedance  meter  at  dis- 
tances of  up  to  20  feet  without  the  aid  of  a telescope  for  observation  of  the 
bridge  indicator.  At  20  feet,  movements  of  the  equipment  operator  could  not 
be  detected  from  the  antenna  impedance  measurements. 

Various  whip-type  antenna  configurations  that  may  be  used  for  manpack 
applications  are  shown  in  Fig.  1.  Figure  la  shows  the  conventional  base-fed 
whip,  along  with  a typical  current  distribution.  Due  to  a current  maximum 
at  its  base,  this  antenna  system  is  very  sensitive  to  any  change  in  surround- 
ings near  the  packset  or  to  any  wires,  such  as  the  handset  attached  to  the 
packset.  Such  changes  cause  large  variations  in  the  input  impedance  of  the 
antenna.  High  currents  on  the  packset  are  strongly  coupled  to  the  operator's 
body  which  acts  mainly  as  an  absorbing  element  and  reduces  the  radiatea 
power  from  the  antenna  system  [1], 

Figure  lb  shows  the  configuration  of  a center-fed  whip  that  has  been 
isolated  from  the  manpack  by  means  of  a parallel  resonant  circuit.  This 
approach  is  widely' used  on  vehicular  antennas,  e.g.,  the  AS-1729/VRC  center- 
fed  whip.  For  manpack  applications,  it  has  the  advantage  of  maximum  antenna 
current  at  the  center  of  the  whip  (away  from  the  operator)  and  a minimum  cur- 
rent at  the  packset.  The  position  of  the  operator  then  has  little  effect  on 
the  antenna  system,  since  coupling  to  the  surrounding  objects  will  be  through 
the  electromagnetic  fields  only.  The  major  problem  with  this  approach  is  its 
complexity,  and  therefore  the  cost  of  the  tuning  unit  at  the  antenna  bast. 

To  isolate  the  antenna  from  the  packset,  the  resonant  circuit  at  the  antenna 
base  must  have  a relatively  high  Q;  hence,  it  must  be  tuned  for  each  operating 
frequency,  which  requires  an  adjustable  tuning  element  or  the  switching  of 
fixed  tuning  elements. 

Figure  1c  shows  an  antenna  configuration  that  represents  a compromise 
between  the  base-fed  and  t‘  - center-fed  whip.  This  compromise  antenna  has 
the  advantage  that  no  addn  'nal  t.uninq  elements  are  required  to  isolate  the 
antenna  from  the  packset.  Ibc  excitation  point  of  this  antenna  is  moved 
upwards  toward  the  center  of  the  whip,  and  the  packset  is  used  as  part  of  •an 
asymmetrically  fed  dipole.  The  current  maximum  is  moved  away  from  the  opera- 
tor, as  shown  by  the  current  distribution  (Fig.  lc),  and  the  currents  on  the 
packset  are  reduced.  In  this  way,  a reduction  in  impedance  variations  due 
to  proximity  effects  is  achieved.  • 

The  excitation  point  impedance  of  this  antenna  and  proximity  effects 
were  systematically  investigated  as  a function  of  the  position  of  the  excita- 
tion point,  see  Fig.  lc.  For  testing  purposes,  the  whip  was  constructed  of 
Hfi-58C/U  Coaxial  Cable  and  had  an  overall  length  of  four  feet,  with  the  shield 
removed  from  the  upper  portion.  The  asymmetric  dipole  was  formed  by  attaching 
the  shield  of  the  cable  to  the  shell  of  the  packset;  the  excitation  point  was 
determined  by  the  distance  the  shield  extended  above  the  packset.  Using  a 
coaxial  cable  enables  one  to  determine  the  excitation  point  impedance  from 
measurements  at  the  antenna  terminals  by  a transformation  through  a known 
length  of  transmission  line. 
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Tho  following  set  of  measurements  were  performed  at  each  frequency: 

a.  The  excitation  point  was  moved  in  increments  of  two  inches  from 
the  base  to  the  midpoint  of  the  whip, 

b.  For  each  excitation  point  and  frequency,  the  proximity  effects 
were  determined  by  the  following  sot  of  measurements: 

1.  Antenna  and  packset  freestanding 

2.  Packset  freestanding,  with  handset  extended  Irom  the  packset 

3.  Packset  on  back  of  man,  with  and  without  handset 

4.  Packset  on  back  of  man, with  a second  man  holding  the  handset, 

This  set  of  measurements  was  chosen  because  it  represents  realistic  operating 
conditions. 

A typical  set  of  excitation  point  impedance  measurements  normalized  to 
50  ohms  is  shown  in  Fig.  2.  In  this  figure,  each  curve  represents  the  excita- 
tion point  impedance  of  the  antenna  system  for  the  stated  operating  conditions 
as  the  point  of  excitation  is  moved  up  the  whip.  The  area  of  the  Smith  chart 
containing  all  the  points  for  one  excitation  is  minimized  when  the  point  of 
excitation  is  ^20  inches  from  the  antenna  base.  This,  then,  is  the  optimum 
excitation  point  in  terms  of  reducing  proximity  effects.  As  can  be  seen  from 
Fig.  2,  the  maximum  impedance  variations  occur  for  the  base-fed  whip.  A 
summary  for  all  frequencies  with  the  excitation  point  at  20  inches  is  shown 
in  Fig.  3.  Here  each  area  represents  the  range  of  impedance  due  to  proximity 
effects  for  that  frequency.  It  was  determined  with  this  data  that  a SO-olmi 
transmission  line  was  about  optimum  for  transformation  of  the  excitation 
point,  impedance. 

Current  distribution  measurements  verified  the  current  distribution  shown 
in  Fig.  lc  for  the  freestanding  manpack.  Figure  4 shows  the  measured  current 
and  theoretical  current  distribution  obtained  using  the  "Antenna  Model iny 
Program"  developed  by  MUA  Associates  and  a wire  grid  model  of  the  manpack  set. 

The  input  impedance  (Terminals  of  the  antenna  system)  tor  the  final 
(Fig,  lc)  antenna  configuration  measured  with  the  packset  on  a man's  back  and 
operator  holding  the  handset  is  shown  in  Fig.  5.  This  antenna  was  48  inches 
long  and  was  fed  20  inches  up  the  whip  irom  the  packset.  A 50-uhms  coaxial 
cable  was  used  as  tho  transforming  element.  As  can  be  seen  from  this  curve 
(Fig.  5),  tho  impedance  of  the  antenna  system  was  well  behaved  and  one  should 
be  able  to  match  over  the  frequency  band  of  20-00  MHz  in  a few  sub-hands. 

CONCLUSIONS 

Impedance  variations  due  to  proximity  effects  were  systematically  inves- 
tigated throughout  the  frequency  band  from  30  to  80  MIL  lor  various  antenna 
configurations.  This  investigation  showed  that  the  impedance  variations  are 
substantially  reduced  by  exciting  the  antemn  near  its  center. 
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through  tlio  1 mull  on,  wo  will  obtain  the  highly  non  iiitoui  cttivu  (t)  ol 

Figiitu  lb  whoii  tuo  l neu la l lug  Itiyof  la  tin  tho  ttrtlut  ol  1UUA  thick,  Thiu  t vault* 

Itoui  Mingle  •;! m l i on  Unnt 'ling  when  lhu  Vo l l ago  extendi.  tho  energy  gap  Iu  tin* 

dentil  ly  til  nUUok,  typti.illv  hovim.i1  bit  11  ivul  lit.  When  tho  liiHulal  lug  1 uyoi  la 

uiu.'.h  Lltiniut  (IU  2UA),  t undue  l Ion  in  by  t m icK.led  pulm  ol  eleeLri  nu,  mid  tto 

puiuutl  It*  developed  tie  loan  lhu  Jum  i Uni  an  shown  In  curve  (2)  um  long  lot  wo 

do  mil  . ml  1 lur  th.it  itai  t li  iil.n  Unit  t ion.  Title  In  known  ;th  .ltineidumn 
max 

of  MUitt'i'i  oiuliitt  lvo  i linin'  1 mg . Whoii  1 In  exceeded , lhu  Junction  Mwilcltui. 

1 mux 

rapidly  m cutvo  li).  The  hart  tor  laytu  appearti  Iti  tho  aupui  oluct  comm  In  bu 
an  mum  ul  wuakunutl  mipoi  I'ondn.  t Ivltv,  not  Uiiiulal  ton.  Tlio  tv  mo  oLhui  waysi 
to  "weaken"  aupui  lend  in  L i v i l y , mni  ol  which  la  tiltown  iu  Figure  1c  and  in  kuorut 
an  u weal.  Sink.  .It  In  ii imply  a lliiii  1 1 lm  imp  icoiuhicioi  wli'uli  han  buun  nni.ri.w- 
otl  ul  .inc  point  In  lutitt  i lie  weak  link.  The  1 ” cut  vu  lor  tiurli  n tlcvlcu  1m 
h i tiiiL'wli  .1 ' dllluti'til  1 1 out  1 1 i.i  l ol  a ban  lur  tosiepliMuti  junction  ...I  la  aln  wu  In 
FI  mm-  Id,  Illicit  a ,Ju:.t*|ih;.«ni  } tint- 1 Imi  It-  cl  mod  b>  a rupei,  omli'ct  luj,  loop,  it 
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FIGURE  1 

(h)  Josephbon  Junction 

CM)  I-V  curve  for  uosephson  Junction 

(«)  Weak  LINK 

(dj  I-V  curve  for  Weak  LINK 
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in  hi.  t,ii  an  a fa.UII)  or  hupi  i'*'* «nd* i<-t  ini;  Uii.iiit  Min  hih  i « lu-vii  i , H i:.  : ;n  1, 

!l  doviio  I lull  I:;  n.;od  iii  mi)  .mil  tin  t/pi  i amp ! i ! i ot  ..«..*  U;i  :‘*”1"  i«  l a *. 

a iiii>,«*i  hetwtoii  |*iihiji  .itiil  sitn.il  : i •*<|i*>*ii*  i t -*.  and  pinviai*.  pat  <nni  i ic  amp'ii  i>,>(  i . *i 

We  ehu.-.o  ai.  ,»  lii.it  ip'.i  I i.'i  mu'  III'  t«-m  ,i  i.ctis  it  i v i t % t • 1 l.iV/im  t ci 

iU»i  u»:;|»uml  nip.  It*  t.  1 x 1U"1*  p,ai*'.::  (1.  I s lO'**’  tenia),  llii;.  meant  th.it  tin 
NytsU-in  would  In1  il  moi.phoi  lo  limited  milv  avi  < tin*  low  end  i I th<-  1<1 

hand  inti  t'Viii  :o  i rod  .hi  inipt  ovoHiont  uVi'l  oobhih  i i i ,j  I napltoi  mac!  cl  wiiiili 

lulii  ,1  '.i  mi  i t i \ i t v oh  I ho  otilei  n|  111"*  p.n'is.'i , Thet  <•  are  I wo  way:;  to  i ni!e.i,'*.i 

the  l ivit  y ol  a Sghll)  in  ip.uot  oi;n«(  »u  :iv  ,t  cm  <*v«i  ami  .ihvo  jus.l  hitiJdiie 

uiiui*  M*tis.  it  ivo  1 1**  m . Mo:. i StJhlU  oiiot  i*i  no  (I  i i ven  at.  a pump 

IU'i|in'iny  ol  III  Mil.*.  i*  Ilu*  etietp.y  KOHKiti  it*,  i:.  ptnpotticti.il  in  ih%*  j««n*ip 

I Vi*i|i|ou«y  ( Wo  have  (puio  to  a pump  lii-ipu-itey  ui  11)  hit,-  j;  i v l n>*  a (luiuotii.il 
improvement  lit  iii'ir- It  iVil  V ol  II**.  Anolllei  wav  In  illipioVe  sens  I t I v 1 1 v I*, 

to  tlHleat.o  I he  :.J.V  ol  . If  pill  tij  lmi|i  I lull,  i in  I »',W»  i 11}’,  tin*  olio  1 1*.**  ■ opinio, 
lot  (hi:.  lea.-iou  tin*  :H)UIi>  loop  li  a ll  ( I , ti  uiiii  ill.tttioloi  j i.**  ool  mail  t.u  .'tlj.nil 
pii'k  up  lati  ii.  ! oil  hv  a It)  obi  iliai.n  lor  i.tipei  fopdiii  t < up.  loop  vhleh  • (item  lively 
etntpleil  In  (It.*  liiilMli.  Willi  tin  a Iwo  ,nl  |u,*.|  alilt*  pa*  mill  ol  w— pump  tte.pieitiv 
and  plol,  up  loop  *,l.*o-  a m*i»*h  » i vil  y ol  hoi  ( oi  than  iiV/melei  • an  ho  attaitud. 


Tin*  nest  pi  ol*  l 'ii  to  ho  iloall  with  i.*i  it  v i iltii  ( (’  i.iuj.i*.  II  wo  t<  I >1 1 1 with  1 ho 

Miu.ilii*,t  I,  i p,n  1 1 dial  an  ho  dot  ei  t e.| , 1 i*.*..iii|lo  1 ,i\ ,'iu.  Ii  i , whul  J iho  l.iipi  .1 

Hipaial  lhai  i an  ho  .*,  i opt  <*o  williimt  ..vot  loidtnr  I’u*  systoi!,1  Wo  i.po.'IUo-l  Hu 
t(H  or  It)  iiiV/lm  ,‘ot  vl,  1 1 it  l:i  a tali  I v o.  :.ilv  at  l.iinahlo  >;oa  I . Itowovi  i , uv  i>iimiI 

(otiiiiiiot  what  !;•  I lie  i.'oahlo  dvitamii  t oi|. o,  i o.,  Itow  had  I;,  (ho  iittoit'ii'ilnl  ■!  ion 

■I  i ii(  ot  i loti . Wo  s.poi  I iii'il  dial,  , I n a u-iino  live!,  .wo  Ip.iml:.  i.uli  '.•»  dll 

aliovo  .till  level  would  pliiilllio  lilt  1*1  Hill,  lit  I :|t  ic  I pi  Ii.iiti  1 .*.  Il(<  WOI  •»(  than  I Sic  M**i:.e 

level.  I vi  i il  lltnl.  I 111:,  hi  i aim*  I lie  imnit  dllli.ult  |.i.«I  to  ..(.lain  .hit  to  | lit* 

III  pill  S'  a a II.  at  ilia'  o I ol  o|  till  ilovlio.  I I '.  hoh*lVtiu  in  detail  hid  hv  a 

pi  odio  | ul  |lo*  I l in,,  i •'  i 


,/i'  ■*<♦:)  <<:h" 


Ilu  t III.  ) I 
p .1 


Wliot  • lt  II,  11,0  ,11  IS  I Hill'll  (I  I I li.lt  I ll  I I flit  , * and  ■{„  1 1 •*  Iho  I |l«Xo*(  due  I (*  (III 
I'tlilip  ami  I Iii  *.I|-.miI  iml  :it  I*  i an  t oil  alt  I . Ii  ail  ■ • I o.n  | In  I hoof  , .1  at,  * 


i oitdui  t ivit*.  and  lia.,  a value  ol  & ll) 

1 1 i'iMm,  1 in,  i up,  1,10*1,  I imp,  i ii  it* , ol  ;i,»ii  l« 


wrlu’i.*. , I i no, II  II  v I - a*  i.i,  Vi  d I III  ou,;l 
.,  hl|'  till*,  illtlo.hl*.  ii  * t -I*  I * Hu* 


Slit)  lit  1 l out  I In  I 1 1 .1  . t ,l»p  II I t oi  * ( 1 )(  tattle  | ( I I i*t*.  i I in  i t Mij;  * h*  u*.i  ah  I o 

ll.llldw  I ill  il  lo  , A.f.il  lili  I.  illol  I . 1 1 1 i . pi  oh  1 1 III,  nl  i ula  . t.  hi  el'e.l  )•>.* 


.1  hv  i la  lal  loitill  •*  I I I I. ll  1*1  Wi  ll  pu,:ip  I "'.*1  i 
ll.. I ( 111  .III)  hv  all  on  J il*.  I .ll*  I o I 1 1,  dfodi  .11  I < 
,*..,!  I:.  Ii'pild  Iii*  I i i , m*l  .In*  pomp  piioii  i*. 
oi 1 1 1 i ! iiiiiii.ii.il.  I ia*  i on  !• -I  at  1 1 mi  1 1 m no! 
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SQUID  ANTENNA/ PREAMPLIFIER 


FIGURE  2 


l l li'tll.ilill  IVillUi)  t lit-  Ifliipoi  .it  InV  in.  Hit’  OllVlt  iilllunul  I Hr  1 ll|;  lilt'  MJUII)  In  iif.lt 
A K , l lii'it  lutlutiiin  tlio  iiti  I no  jmivih  loiuhiiiK  llio  Still  II).  lilt'  ul);ii<il  1 1 i"jii.'iti  V 
Ik  illtlllt  l ‘ Vt:  I v fti|l|i  It'll  (l)  till)  Still  ID  t.UlU  <1  kll|H|ii'lliluil  Inn  !•  i i*k  lip  lilt, 

i ol  lot  l o.l  iiili  iowjvf  1'nwiu  , modulat  vi  liy  llio  nliiii.il,  i.i'i’i.  i ii  .i  l limit.' I t*l nilo 
miu)i 111  i kti  mill  it.  dvli'il  ' l»y  a tiiuiii’l  dluilo  In  pinvidi'  l In ■ vtdou  output.  Tln» 
liiotllitit'k  Inn))  in  uiii'il  1 lut'.ii  i 2c  l*io  ayitlt'iH. 

-Iio  v iyuki.il  I'ut'd  in  llili;  uyatoiii  Imn  amui!  unique  i onl  ui on.  ll  i mi;. ini  :. 

■•I  ii  htuiiilaiil  30  liltii  NUpoi  liiaul.it oil  duw.it  lti|i|in<|  ly  wli.il  la  icltiiid  In  .m 

I ho  "i  iiilti  mo”.  Thu  |ili:k"U)i  loop  i . jih>  lut  iug  ui  a 10  tin  di.ii'u ' oi  lv»i>  Inin  lull 

loop  ui  Mb  '•  i l)l)i)n  uvoi  a 10  t in  Kb  >;i  uiiiiil  piano  I Inu.tli-d  in  llio  i.ttliuno  mul 
**•  I’-ui't  in  ' In;  t>u|u  ti.wiitliit.iiii);  uiitio  nut  by  iuutit'i  :■  1 on  m 1 1 1411 1 il  bill  by  v.ipm 
tut)  1 ini',.  Tho  t oiu)>oi  uLuiu  in  ilits  l .iiiiiitii*  ii.  umi  1 11I  -1  i iii'il  .il  4 . ‘)K  by  llio  boil-oil 

I I dim  llio  liquid  lioliuui  boluw.  Tiio  out  lio  i'.nli>uio  in  iiu.i,  . il  oil  by  !>ri  1 .1  y . • t . » t 
duulilti  b 1 .loti  j]  umi  ill  ».ml  Myliir  will  oh  Wiiild  11. 11111.il  J v ho  vxtv  I li  lit  ;.b.i  i'lln)’ 

ll|,.iinst  III*  1 ml  l'lt  Inn.  To  );fl  .llu'iild  t lit  k (11.  b loin  tho  uu-t  .1 1 1 1 /.!'  1 un  i..u. 

uoiHoil  into  KUinll  |i;ilolioH  on  I up.  ,■  1 .11.01  i.oiibluj'.  t »*t  )■  -u  i;m-  I11  w'.ilili  t lit' 

I'f'l  fli  uJ.'.o  Wiia  dot  01  ml  nod  by  omuililoi  iii|;  tho  1 i.ido -nt  t .1  lio'wooii  tin  hi 


1 Mb 


■MM 


fimWo  HMlil  * itjkM mIhMM  i 


k 


l>r«'|>i*i  i 1 ami  tin-  t In  i inuily  ii.iiu I <*  lonniili'i.il  tu,i:*. 
wr.lil.  w.u,  lu  lull  oil  at  100  Mil,:, 


ili,  1 la  nit'll  an  Kt)  l l ll  ft 


Unlt»l  ilHi'.uly,  ,1  oimjilrtt*  sol  ul  |>ut  I nun.im  i-  rliai  iuU’J'l  1st  ii  «,  alt*  nut 
aval  lithlt'.  Tin  OtJlUl!  wliiuh  was:  Initially  innlal  lutl  in  ilia  I urn  |ia*l  ,*n  uih  i gy 
Hcii'itlvflv  ul  10*  1 .1  In  a Mm-  lull.:  baialvHIt  h,  Willi  !«**  It’  i m pltk*-up  '«mp, 
(luw  |>imlu«  «*K  a lalmlatfd  Ivlly  ul  K x 10_! ' U/i'lU  «u  .M  »iV/r*/*'ll/ , 

tjuili*  aa  .uhipi.rl  a valiH*,  Bih-.iiihm  ul  ilu*  in  i:.u  gunui  alt  it  In  the  I uuill>  u k 
»*1  i*i  1 1 miiI  vn  will  ih  I;;  < * i|  bail',  lu  tin*  aiJUIl),  tin*  initjmt  Van  Ih«  1 1 tiu.it  1 ,*.i*«l  • >v  t* » 
only  .t  tvwin!  tnugahurU’.  liaml  latlu-i  than  tin*  Mill  IT  baitu.  Thl.*,  w.uihl  1*** 

••at  iiitai  ini  y Mu  a hijimIm*i  u|  ,*tppl  leal  Iuuk,  Tula  I i.yutviti  i,*i<ik  liavv  n«>.  1«»*«  a 
pi«il«nmu*l  at  ilu*  piMHiuil  litnu  ilm*  in  a gunluul  iluy.i  adail  an  in  lla*  SyUllJu  wltUlt 
wu  liavi1  lu'Mii  lining  in  tln>  lalmi  ul  n|  v li'Sl't.  Tl*i»  iiynl  i-iv  will  In*  ••■mipl  1 1 oil  in 
tin*  tiuai  Iniini*.  Nuvm  I IiuIumn  , uvun  at  litis;  magi*  v>i»  lu*l  li*vu  dial  ilia 
I I'.lnll;  I I i I V ul  h*nTi  ,i  i.vnluin  Ii  m;  liuutt  ilt-niaitnl  «al  oil  ,11111  Ilu*  iilllial  ItitpiuVi* 
wont ;i  I iU*nt  il  l ml. 
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*1  Ill'll*  ill  i*  n *vi-»ai  .it  1 1 ait  I Vi*  app  i 1 1 ill  I uiin  I iu  mirh  a unit.  Tin*  uI'vImiih 
uni'  in  Ilu*  ullunllun  *u  will.  Ii  a Inw  |ii..||U*,  lu  "adl*  m*l  nvni.'in  in  iuijuUm.I.  Tin* 
iiull.tl  Inn  lMiitNlain  t*  ul  a 5'i  in  lunp  a|  I Mil/,  in  J % 10"*'  i;  wlu-t  >-at<  Its 

• u. Miami*  I:,  it)  , I i"i*ii*ij»*»*m  1 y , mat  i lung  wuul.l  In*  i in] i.iun  i It  1 1*  ami  wuiilil  uluu 

| • • MV  lilt*  an  i lli  <*ii  t iiVli*  Ij.  I 111  i*  uni  .11111*1*11.1  in  UjiiuaU.il  in  | |n  pun*  it.Mlivu 
uimli*,  il  lr.  lu M i.1|i.iii*1i-iI  ami  highly  i iu*l  I i ■ I i*m  . Wi*  van  lului.itu  thin 
i ml  I Ii  I urn  V lu*.  aiu.i*  ii,  | In*  Vim  y luw  u"lnu  l utitpi  i at  u*  i*  ul  Ilu  JitJlMO  ptu- 
<mi|*  1 1 1 I iu  , A i. rt  uni)  a ul  puthupn  limit*  lm|»uliiiu  Mppl  it  al  li-ti  alia  in  Mint  ul 

i uutpa  t aiiiivu  Tim  I I i*t|iii*'u  li**.  at  I in*  luwii  uml  ul  Ilu*  IU'  I*  nut  at  >1  lu*l"w 

tin*  i.v*t»*in  a bull  l.l  bi<  <•(  nmiipluu  1 1 nulm*  li'iiili*,!,  by  ittvutiil  »l  ui  l S ul  in.  i )*«i  i twli* 

iu  III  1 1.1'  VI  I'  I lllgu  , Sulm*  o|  thin  i*Xt  utir  *u*iinll  Ivltv  t mi  In*  lull,  Iti  I ill  Ilu* 

luli'ii!  ul  in.  1 1*  i .i- 1 *1 1 1 .*' ! I v ! I y in  • • *iij>  u I ai  i iy*  ul  ..ul.u «*xp,**t« 

I bat  in  i u.ii|i.i.  i iiiay.i  "in*  uitiMi  i.ibui*  tnu  .il. *i*  ui  tin*  liiihviiliiiti  «*  Maui  ill ia 
ut'lwt  in  luilu.i*  Mutual  iitltn  ai mini  width,  lit  gwitvtttl,  latiiu'i*  n 1u*.h  in 

lu'ii  n 1 1 l V i I y . l'"i  l tin  M ,*1  y , in  ilu*  nii|n*i  luinlri  | i Vi  *.yiili*'ii  I In*  I*  1 t-uu  III  ■■  a»> 

a 1 1 u.nly  riin.i 1 1 with  ilu*  in  1 1 sii.n  y -iuin.lt  Iviiy. 

In  i ui.  III*. J.>h,  a SIMM))  aul  i - 1 1 1 1 . i / 1 * l u.iiiiji  I I t i ul  i.yuluiu  li.in  l,<*i*ll  ili*li|i'iiiil  l al  **,l 

III  upil.lli*  .'I,  |U  I'll  I ■ I i'll , 11  |..  I li-.lt  (1l.lt  I i'  "|ll.*,u  111.*  Mill  1*1111*1  I 1 I'l 

I I *•  lulu  iiut  til , 1. 1 1 1 1 1 . 1 1 1 1 1 lull. u*  I ui  , luw.*!  i i-ui|ii  i at  iii  i I ui, II. u 1.  i-  Ii  i i i uni  * , 

pi  •*!  iu  ah  I y ••  ii|  **- 1 ii  > 1 1.  In . t i 1 1 j; , will  Ii.ivi  lu  lu*  *-«i, n ii'v  *il . Whi'H  till*,  lias  lu*,*n 

ib'iu",  *ui<  It  siviil  i'iiiu  mIiou  I • 1 lu*  lil, ally  uliltuil  Mu  1 1 u.i|  * . I ■ I aiiav  app  I i < at  1 uir* . 
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Uuiili  i iw.i  iMi . Dr  .’di/'i 


MtMkArr 


AuIi'iuuim  vhi*  li  i • - |>liv<iii  dl  Iv  * ^ ill  n l.it  tvs  i.>  wiivm I imj-.j ‘i  iu  »•  mini  v.-ml 
: 1*1  npi'l  t*  nt  i..«  lt>  mI» { i il  HI  lM««ull>;ni'l  i ere i vl  ti)‘  “vn  min. . Kfunlt!i  almw 

licit  tlim.i'  nut  run.ih  vnu  nrri|.l  tih  In  i i'i  «•  1 v I iip.  tvfiti'm  niti-.r  tui  im-ii, 

A!  no,  I ut  i'i  t i'i  t Mi  V 1 1 mu  • nl  >•  iili'il  III-  1 1 n ii  '.in  t I I I n k mi*  viuir,i  1 ■«"  imiIiiimi)  in 

l i*V%'  I J*  dull' llill  • 1 1 In  «ii|>|i|  i'mm  imt  liv  I lllii  nr  uli'.nnl  i ilin  ■' I III  I inn  I lull  «jt  1 1- -i , 

M'MHAKY 

lit  Nnvv  lli'i't  i mmiiiili  I < nt  Imiim  tnilnv,  Him  -«1<  I |>li.  •««  i tl  III  i in  n I vi  itj;  mvMi'iii 
In  tl, >i  urn  I I v nin'wltiiil  •.  I mu  1 1 .im  "i  ••  I v villi  llu  .--1 « i i • * . Ill  l i .iiimi.  i i i i hi.  ■ vi  1 1 i.r- . 

A i'll  1 1'1 -I  limits'll  I'lnlt  i|iu  'i  I , .'lint  n nm  >1  Ini  m . • . i . 1 1 • < ml  .-.n  1 1 1 1 1 < 1 1 ii.  ilvii 
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First.,  consider  Uni  system  noise  iaclor,  Figure  2 shows  *-ho  inutiuured  ' 
system  noise  lac  tor  on  a monopolc  which  is  3 l**et  in  height,  0,3  Vt  inches  in 
diameter,  and  which  bus  a 3- loot  di  nine  ter  I op- loading  dine,  the  lead  point 
termination  circuit  "T"  is  a 1 Mill-ohm  to  riO-ohiii  trails  termer  which  drives  a 
‘id-ohm  input  impedm-co  ti  amp  1 1 i ier,  Thin  rev  'iving  ays  t < m tin  I m*  inelov  varies 
i ruin  about  »2  dr,  at  2 Mils  to  22  dll  at  JO  MU... 

Figiue  j shows  the  quasi -minimum  atmospheric  noise  lavcls  c ected  In 
he  encountered  in  typienl  Navy  ttMp  operations}  and  also,  typica  »hi|> 
hull  genetnted  i uteri erenee,  in  a t klU  bandwidth  |2),  f 3 1.  Atm*  -pherii 
noise  varies  rroiu  about  32  <1  it  at  2 MHz  to  2tl  dll  r.t  30  MH»  trial  I vr  to  KT,,H; 
and  hull  generated  iitLe rl ei vine  levels  on  a mlatively  clean  ship  me  seen 
to  he,  about  i>2  dll  relative  to  Ki,,H,  it  is  no  Leu  that  (lie  noise  I actor 
obtained  with  the  Jloot  disc  top- loaded  moiinpole  (sue  Figure  2)  i*  about 
equal  lo  the  expected  almosplierli  noise  at  all  I leqiiHiteies  over  the  J - K>  MHz 
baud,  Hv  approprl ale  selection  el  tens  l nation  > us i stance  and  antonnu  design 
coe.-laul »,  I hr  syslrin  sensitivity  lias  been  nd|tiNled  to  be  u:i  florin  with 
respect  to  Atmospheric  noise  levels.  The  caleulalud  degiadalion  In  opeiiiting 
noise  IacIoi,  thru  1«  about  3 dll  over  the  2 - '!.)  (111/.  Iiaiu!,  Kelailve  to 
I epical  ship  hull  generated  lnt  ur  I (‘  rent  e levels  dcgi  adiit  ion  In  npeiitt  htg 
ii  »Imo  I mini  is  less  than  1,0  dll  Irma  2 JU  Min, 


in  ciinatdeial  Ion  el  these  lesults,  (i  appeals  possible  to  design  u 
plica  lea  I Iv  small  mono  pole  receiving  xvMmii  to  have  adequate  sensitivity 
iitulive  to  cxpeiled  ambtuul  noise  t oml  i ( ions  in  the  sliipboNid  euvl  l olimenl  , 


'<  * ' 

- A 


Next,  l hr  pieseine  in  I li  • reiuiving  svs'oii,  rneigv  limn  eolocated 
shipboard  C laiismi  1 1 lug  mil  minus  was  invest  I gated  lelative  to  tlu<  generation 
■ • I d Intel  ( i-at  pioilucls  in  dial  system.  Figure  t allows  calitilaled  and  measured 
i oup  I I'd  vollagow  eKiut  ing  at  the  umplillei  input  ol  lioi  I eiml  ual  ion  lutwoiTi 
"T"  lor  the  1- 1 on  I moiiopolo  receiving  svatwiu  demi  tired  pt  cvinuslv , es<  epl 
(but  (lie  top  loading  d i si  is  uni  included.  The  minified  1 r ansui  till  iih 
ai.leuiia  sou  ice  is  a TV  loot  whip  indinllug  1 kilowatt  ol  FW  power,  Ihe  V» 
loot  whip  is  loirtled  a ill  . lance  ol  ItUl  Icel  limn  the  shot  t imuiopole,  The 
ilnt  lid  cuivo  represents  vnlculated  ilstu.  and  the  solid  iiuve  is  the  measured 
i 'suit.  Tin-  nienniireil  maximum  i oup  led  volt  age  Is  nboul  t),t<  volts,  Measured 
itnta  mi  th>:-  ii'elviiiji  ■|V‘lem,  bill  >•  1 1 Ii  *hr  i loot  diaiuetei  top  loading  dl*n 
added  in  * 111'  .'illurl  moiiopn ) e element,  allowed  appi  os  iin.it  e I v the  hiunc  shape 
iilllri',  but  tin-  maximum  coupled  Voltage  bail  int teased  lo  about  1,1  volts  lit 
the  1 1 Ml  tool  spat  ing,  A.  a spat  ii,g  ol  2'i  lent.  Hie  maximum  i oup  I i.t- I ii  voltage 
would  la'  tin  ot  dei  ol  .ibniit  (■  volt,,  Hit*  lesolls  in  i'lgms  A ate  lelat  In- 

to si,  average  cm  III  i mid  1 1 tor  ovei  whieli  it  was  possible  to  muke  the  iimamiiti 
merit  Ibnlec  peileil  ertilh  t oml  i I imlu , these  voll.igea  would  itol  iiuicilse 
s i t*i 1 1 1 leant  I v , 


t'ollsideliii  ion  o|  tilt  at*  lonpltld  v.iltaees  In  i.  Its*  pilVhltallv  siitltll  top 
loaded  an' eouit  leeeivliig  system  lelative  to  amp  i i I it  i H JA]  whiib  ate  avail 
••Me  today,  ind i rule*,  that  file  system  would  probably  In*  maigiiuil  at  (lit*  100- 
tnot  sepaial  Ion;  iumI  il  woiiitl  uoi  be  usable  at  closer  sepal  at  toil*,  without 
ilppl  lent  lou  ol  techniques  I •»  tllltiler  suppress  the  I oi  a I I v genera*  lnt;*| 


> H 


i 

I 


">  *.  **• 


terencc..  However,  iL  should  be  remembered  lliul  OW  power  l.s  a worsl  ease, 
and  probably  would  nut  be  encountered  aboard  ship,  Also,  the  ship  environ* 
met, l will  ntlecl  the  coupled  voltage  amplitude,  inrrcii.sinp  or  dc-cicns hip.  it 
relative  to  Lhe  above  valuou. 

The  power  levels  associated  with  these  voltages  at  anv  ot  the  aiitonn;1 
sepia  at rous  indleatod  are  now  «>i  a reasonable  magnitude,  wherein  techniques 
limy  be  readily  eiiiployeu  to  provide  addilloiuil  re  ji  i t Ion  ot  the  coupl ed- in 
euei.'Ky  irom  colocated  l raustul  til  up;  systems.  'Ill  l.s  rejection  would  lie  inserted 
between  the  antenna  element  tred  point  and  the  active  I enui nn 1 1 ng  network 
In  the  physically  small  antenna  receiving  system,  \ possible  rejection  wouM 
be  to  use  note'll  litters  in  the  rece Ivlin;  system  .ms  given  In  I'lgiue  S,  lhe 
iiltur  is  tuned  ns  purl  oi  the  transmitter  I uni  up,  procedure,  piuvlding  the 
communicator  wltli  a broadbmul  receiving  system  requiring  receiver  tuning 
only.  A disadvantage  ot  this  technique  is  that  the  insertion  loss  ><t  the 
tiller  must  lie  oil  set  by  lin.  rvninib  antenna  sl/.e  in  older  lo  maintain  n 
given  Nystem  noise  lacloi.  However,  It  can  be  leudilv  Imuleineiit  ed  without 
lulroduc  tug  distmtiou  products  into  the  receiving  Nystem, 

A second  method  >1  inlet  ivlcilce  "i.- jeel  ion  would  ho  to  use  signal  emu  el 
Inllon  techniques  as  suggeNteil  in  I'lgir's  li  , A immple  ol  the  I lit  v i l ei  I ng 
slpu.il  is  taken  item  the  l ran.  it;  1 I ter  oii'put,  appiopi  Intel  v adjusted  In 
amplitude  and  pi, use,  nml  iujec  .ed  into  t'u>  teceiviug  system  between  'In. 
itnleinin  teed  point  and  the  amplitiei  in  the  aiiliiiiwi  teimlnm  Ion.  The 
amplitude  uud  phase  ol  the  1 1 aumiil  I Irr  sample  Is  ad  lusted  null  lliul  a s.impl" 
ol  Incoming  ettetgy  In  the  receiving  system  tends  lo  he  lediued  »o  relo, 

Tlie  advnnlages  ot  smti  ,t  (eelinique  me  unmet  mis; 

til  As  mucli  as  lit)  lo  At)  dlt  oi  mote  ot  Intel  lei  lug  signal  .nine  I 
lal  ion  can  piobnhly  lie  achieved  teadilv,  ll  In  enl  liuill  isl  that  ,’U  till  ol 
c ance  1 lal  ion  would  be  adequate  lot  many  situations  cm  otml  ei  ed  nhoatd  *-li  1 j* ; 
mid  tliul  up  lo  All  dll  enure  I till  ion  > oil  Id  l<e  achieved  wills. ill  pient  dllll>ullv, 

|i/)  Negligible  i uni  ll  Ion  In:.:,  can  be  ie.tli;*c’d  and  is  plo'eclcsl  lo 
'•e  alioii I I dll, 

I 1)  Kill  I automation  can  be  achieved;  lli.ti  I-  , no  ,ip<-isi,.c  et  i . ol  t.ui 
will)  love l is  i cspil  i cl. 

(A  i '(lie  signal  catucll.il  l.u  ilii  ii  1 1 c .hi  be.  mail,  i in'  pensive, 
ami  hlgltlv  reliable, 

l'i)  'I  lie  coiilinl  null  can  be  small,  i elnl  l'*cl  v I in  ypi'it*.  I ve , and 
I mil  led  In  1 1 1 ><  tad  In  loom  to  tacilllale  maintenance  .os'  eiie  lulu,  e i e I labi  I 1 1 v . 

(lil  'tin  c c is  no  appuiciit  1 In.  1 ;al  l.,ii  lo  tin  i>ii„bc  i .1  Intcilii'n- 
■i  lgh.il  Is  will  eh  can  be  rcii'. -el  led  in  a g Iv.u  me  ivlug  svslcsu.  I a,  li  .ublllloil.il 
I l ecpioiiiy  lo  lie  cancelled,  bc'Voud  I lie  lil.sl  I l eqili  lit  v , would  Iripilic  ulllv 
p.lillal  I'uplliiili  hi  ol  coiiipoUoiil !.  io  I In-  signal  c nnrel  I at  loll  . I i , n i I and  Hie 
- oil  lol  uni  l , 


N 


Chi'  signal  cancel  lot  um  circuit  mi:; l lu<  ile,*, i gnutl  ami  operated  sn  ns  an'  to 
introduce  distort  ton  products  into  the  rovelvin>;  system,  anil  this  t ;»** t i*; 
piobaMy  tin*  ultimate  oha  1 lenge  to  « mp  1 emenl at  ion  ol  tin-  physically  kiw«*1 
.mltmi  appro.u  h , 

lo  .suwitwri  ;*,c,  it  has  boon  diowir  that  the  physiol  1 1\  snuil  ! antenna 
apptoslch  to  1|K  shipboard  receiviiv.  “vst  ems  oilers  adequate  sensitivity  mill 
i,«cv»  nse.l  isolation  to  loe.il  ml  or  I ei  enee  with  appi  opr  lot  * denip.n,  I aei  l 1 1 at 
eirc*iU  re  lection  o!  inter  tel  cnee  linn  the  colocate*!  t raw-nit'  t im;  antenna 
svsieiii.-,  permit*.  b,  oailhait  t multiple  reeeivet  operation  lot*  shipboard 

111'  eiinwnn.ti  at  ions, 

Khn.Ki.ift  i,:; 
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APPLICATION  OF  ACTIVE-IMPEDANCE  MATCHING 
TO  ELECTRICALLY  SMALL  RECEIVING  A..TENNAS* 
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The  noise  performance  of  an  active  receiving-antenna  system  con- 
sisting of  antenna,  active  two-port  network,  and  preamplifier  is  dis- 
cussed, The  design  of  the  active  twc.-port  makes  use  of  contours  of 
constant  noise  temperature  superimposed  on  a Smith  chart.  Experimental 
results  are  presented  for  a simple  activfc  antenna  composed  of  a short 
monopole  and  a negative -impedance  converter. 

SUMMARY 

For  a passive  small-antenna  system,  Wheeler  has  shown  that  the 
efficiency  and/or  bandwidth  of  the  system  is  ultimately  limited  by  the 
size  of  the  antenna.1  However,  the  performance  limitations  of  a small 
antenna  are  modified  if  active  circuits  are  introduced  into  the  loading 
or  matching  networks  associated  with  the  antenna.  The  most  common 
active-antenna  arrangement  consists  of  an  amplifier  integrated  into  an 
antenna . This  arrangement  was  used  as  long  ago  as  19281  and  has  been 
studied  extensively  in  more  recent  times  by  Meinke  and  his  co-workers.2*3 
Most  known  methods  of  obtaining  electronic  amplification  have  been  tried 
in  this  connection,  including  the  use  of  tunnel  diodes4*5  and  parametric 
amplifiers.®  In  many  cases,  one  of  the  more  important  features  of  the 
amplifier  (besides  providing  gain)  is  its  ability  to  transform  (or  iso- 
late) the  impedance  oi  the  antenna.  This  feature  can  be  used  to  obtain 
very  large  operating  oandwidths  with  a small  antenna.7 

In  this  paper  we  focus  on  the  impedance- transforming  properties  of 
the  active  network.  We  assume  that  the  addition  of  active  circuitry  to 
the  antenna  does  not  alter  such  intrinsic  properties  of  the  antenna  as 
field  pattern  or  gain,  In  this  situation  the  active  network  can  be 
thought  of  as  a matching  network  and/or  amplifier  that  connects  the 
antenna  to  the  remainder  oi  the  receiver  system.  The  design  of  the 
active  antenna  then  reduces  to  finding  the  linear,  active,  two-port  net- 
work that,  when  inserted  between  the  antenna  and  RF  preamplifier,  mini- 
mizes the  system  noise  figure  over  some  prescribed  bandwidth, 

A schematic  diagram  of  the  system  we  wish  to  analyze  is  shown  in 
Figure  1.  The  antenna  is  represented  by  its  Thevenin  equivalent  circuit 


* TLls  work  was  supported  by  the  Department  of  the  Army,  U.S,  Army 
Research  Office,  under  Contract  DAHC04-75-C-0023 . 
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composed  of  voltage  source,  V , and  output  (or  radiation)  impedance 
R + jX __ , The  effective  antenna  noise  temperature  is  T , In  general, 
all  of  these  quantities  vary  with  frequency.  The  active  matching  net- 
work can  be  viewed  as  the  combination  of  an  arbitrary  linear  network 

having  an  effective  input  noise  temperature,  T , and  any  series  reae- 

N 

tances,  X and  X^,  that  are  part  of  the  antenna  output  impedance  and 
preamplifier  innut  impedance,  respectively.  The  rjal  part  of  3 pre- 
amplifier input  impedance  is  denoted  by  R , and  the  output  impedance 
of  the  active  matching  network  is  2^,  which,  in  effect,  is  a transformed 
source  impedance . 


By  definition,  the  noise  figure  for  this  system  is  (assuming  a 
high  gain  for  the  preamplifier) 


F = 1 * 


T + (T  ) 

N L eff 


where  (T  ) ^ is  the  effective  noise  temperature  at  the  input  (termi- 
nals 1-1) , As  a result  of  our  analysis,  we  find  that 

(t  ) = q [ct  ) . /o J • [ |r  - r |2  + P ] (2) 

L eff  n L nun  t L n‘  n 


where 

A + R 
'•'S  L 

fL  “ Z + R 5 

TS  L 

and  Q , P , and  r are  noise  parameters  foi  the  preamplifier,  and 
(T  ) is  its  minimum  noise  temperature  (i.e.,  for  noise  match).  The 

quantity  G^  is  the  transducer  gain  of  the  active  network  and  is  given  by 


**  * 
It  L** 


■ '•! 


where  K is  'he  ratio  of  the  magnitude  of  the  open-circuit  output  voltage 
of  the  netvo«k  (at  terminals  2-2)  to  the  magnitude  of  the  open-circuit 
output  voltage  . .t  the  source  (at  terminals  1-1)  . 

For  purposes  of  design,  it  is  convenient  to  use  Fq.  (2)  to  plot 
loci  of  constant 

(R  ) (T  ) 

„ TS  opt  L min 

B H 2 

K 11  „ (TJ  ... 

S L efi 

in  the  I'^-plane,  where  (R^)  is  the  smtree  resistance  for  noise  match 
ox  the  p'uampli tfer . These  'fSci  arc  shown  iti  Figure  2,  whlt-n  is  an  ex- 
panded Smith  chart  for -Z  . 


Oft 


We  can  now  use  these  loci  to  design  an  active  matching  network  for 
a short  monopole  antenna  (1/16-wavelength  long  at  30  MHz) . If  we 


assume  that  T • « T , 

N S 

satisfy  the  condition 


<R  > = R.  =50  fl,  and  (T  ) = 0,5  I , we  can 

TS  opt  L L min  0 


16  2 

<T  ) S T = (3  x 10  n ) T 
L eff  S 0 


0.5/K 


In  Eq.  (6)  f is  the  frequency  in  hertz  and  T is  the  reference  tempera- 
o 0 

ture  288  K,  This  equation  defines  a 3-dB  signal-to-noise  bandwidth 

where  F s 2.  Now,  we  further  assume  that  the  active  network  can  be 

represented  as  a pure  series  impedance  so  that  K = 1.  Hence,  according 

to  Eq.  (7),  the  design  locus  must  lie  to  the  left  of  B = 0.5  circle  in 

Figure  2.  A suitable,  but  arbitrary,  choiie  for  this  design  locus  is 

a portion  of  the  circle  [ 1 — T j2  = 4 . 

We  attempted  to  realize  the  desired  design  locus  by  using  a nega- 
tive-impedance converter  (NIC)  circuit  of  the  type  shown  in  Figure  3 to 
synthesize  the  required  active  series  impedance.  We  designed  a suitable 
amplifier  and  measured  its  input  and  output  impedances  and  current  gain 
as  functions  of  frequency . From  these  data  we  were  able  to  calculate 


the  required  NIC  feedback  impedance,  Z 


However,  we  found  that  Z 


only  be  approximated  by  a passive  circuit.  Using  the  approximate 

we  calculated  that  Z = Z + 3 should  follow  the  dashed  curve 

S NIC 


shown  in  Figure  4. 
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For  comparison,  our  experimental  results  are  shown  by  the  solid 
curve  in  Figure  4.  The  discrepancy  between  theory  and  experiment  at 
low  frequencies  is  probably  due  to  inaccuracies  in  our  theoretical 
antenna  model  at  these  frequencies  (e.g.,  stray  capacitance).  Both 
theory  and  experiment  agree  well  at  high  frequencies,  but,  because  Z 
is  not  correct  at  these  frequencies,  we  have  B < 0.5. 


Using  the  experimental  data  shown  in  Figure  4,  we  can  use  Eq . (2) 
to  calculate  (T^)  . These  "experimental"  values  of  (T  ) ^ are  com- 

pared with  Tg  in  Figure  5 . As  predicted,  we  see  that  (T^J  f < Tg  at 
the  lower  frequencies,  and  vice  versa  at  the  higher  frequencies.  The 
noise  temperature  without  matching,  (T  )^^.  is  also  shown  in  the  figure 
for  comparison.  This  comparison  indicates  thc.t  active  matching  should 
improve  the  system  noise  figure  over  the  whole  operating  band,  however, 
experimentally,  improvement  was  only  obtained  in  the  lower  half  of  thr 
band.  It  is  not  possible  to  pinpoint  the  source  of  this  discrepancy 

because  of  the  uncertainties  concerning  the  true  values  of  T , T , and 

S N 

the  antenna  impedance. 


Hence,  we  have  shown  that  transformation  of  a passive  antenna 
impedance  into  an  active  impedance  promises  the  realization  of  very 


1 


broad  signal-to-noise  bandwidths  in  a receiving  system  that  uses  an 
electrically  small  antennu.  The  limitations  of  this  technique  will 
involve  questions  of  the  noise  contributed  by  the  active  network  and  of 
stability.  Our  future  work  will  be  aimed  at  incorporating  stability  and 
noise  parameters  directly  in  the  design  procedure,  evaluating  various 
active-matching  networks,  and  developing  computer-optimized  design  pro- 
cedures . 
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Abstract,  This  paper  reviews  work  done  at  the  University  of  Michigan  on  electrically 
; small  antennas.  Ferrite  and  dielectric  loadings  of  rectangular  slot  radiators  are  dis- 

• cussed.  Results  on  the  loading  of  spirals  are  also  given.  Electronic  tuning  of  mcno- 

j poles  and  folded  monopoles  over  a ground  plane  utilizing  active  devices  is  also  presented. 

' i I.  Introduction 
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This  paper  constitutes  a survey  of  work  done  over  several  years.  Initially  die- 
lectrics aud  ferrites  were  used  as  loading  for  slots,  helices  and  spirals.  The  improve- 
ments and  limitations  obtained  with  loading  were  observed.  Later,  studies  were  made 
on  equivalent  circuits  and  models  for  moncpole  and  folded  monopole  antennas.  Elec- 
tronic tuning  was  used  with  these  antennas  to  permit  operation  at  reduced  size  for  a 
given  frequency. 

Any  reduced  size  antenna  suffers  from  the  basic  limitations.  ( 1 ) and  (2).  How- 
ever, some  loaded  antennas  provide  a tolerable  compromise  between  size,  bandwidth, 
efficiency  requirements  and  radiation  patterns.  Loaded  slot  antennas  are  discussed 
followed  by  a discussion  of  spiral  antennas  and  then  by  electrically  tuned  folded  mono- 
poles. 

n.  Loaded  Slot  Antennas 

Clot  antennas  have  been  used  to  meet  a variety  of  applications  where  Lush  mount- 
ing Is  required.  The  slot  antennas  we  have  studied  were  backed  by  a cavity  and  our  ob- 
jective was  to  reduce  the  size  of  the  cavity  by  dielectric  or  ferrite  loading.  Any  such 
reduction  is,  of  course,  accompanied  by  decreased  bandwidth  and/or  efficiency.  For 
several  applications,  however,  the  size  reduction  advantages  appear  to  outweigh  the 
cost. 

In  an  early  otudy  (3)  a detailed  analysis  was  made  of  the  aperture  admittance  of 
rectangular  cavity  antennas  taking  into  account  material  loading  and  the  effect  of  higher 
order  inodes.  The  geometry  involved  is  shown  in  Fig.  1.  Aperture  admittance  aaia 
was  calculated;  this  provided  the  information  to  calculate  bandwidth,  efficiency  anu 
resonant  frequency.  Using  the  simplified  equivalent  circuit  of  Fig.  2,  it  /as  found  that 
the  bandwidth  of  the  loaded  slots  could  be  calculated  with  an  accuracy  ilia/  agreed  with 
experimental  results  within  20  percent.  The  equivalent  circuit  models  a ferrite  loaded 
cavity  backed  by  a short  circuit,  feu  by  a coaxial  probe  and  radiating  through  the  open 
aperture.  The  subscripts  of  Fig,  2,  p and  A,  refer  to  the  probe  and  the  aperture.  The 
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efficiency  was  calculated  us  lay  the  basic  variational  data.  Predictions  of  efficiency 
based  on  calculations  agreed  within  10  percent  with  measured  results. 

It  is  interesting  to  compare  the  results  of  dielectric  filled  slots  and  ferrite  filled 
slots.  In  our  work  on  ferrite  filled  slots,  material  loading  having  a magnetic  Q of 
approximately  115  has  been  used'".  Many  workers  in  the  field  hare  made  use  of  dielec- 
tric filled  slots  where  the  dielectric  has  an  electric  Q of  200  or  more.  la  either  case, 
the  material  loading  tends  to  reduce  the  size  of  the  slot  antenna.  We  found,  however, 
that  for  a respectable  efficiency,  the  magnetic  Q of  the  ferrite  can  be  considerably 
lower  than  the  electric  Q of  the  dielectric.  This  corresponds  to  saying  that  there  is  a 
much  better  impedance  match  at  the  aperture  of  the  ferrite  filled  slot  antenna  than  there  is 
at  the  aperture  of  the  dielectric  filled  slot  antenna.  The  efficient  radiation  of  energy  from  a 
dielectric  filled  slot  antenna  requires  a relatively  high  electric  Q. 

A number  oi  rectangular  cavity  slot  antennas  have  been  constructed  ana  experi- 
mental data  have  been  obtained  with  ferrite  powder,  solid  ferrite  and  solid  dielectric  • 
material.  Seme  typical  results  are  given  in  Table  I. 

TABLE  I 

PERFORMANCE  COMPARISON  OF  RECTANGULAR 
CAVITY  SLOT  ANTENNAS 


LoacUnr 

Air 

Ferrite  Powder 

Ferrite  Solid 

Dielectric 

Size  (inches) 

30  by  1-~  by  10 

12  by  3 by  4 

5 by  2 by  l| 

12  by  3 by  5 

Volume  (cubic  inches) 

2250 

144 

15 

180 

Bandwidth 
atVSWR  = 3 
atVSWR  = 6 

22  MHz 
50  MHz 

19  MHz 
34  MHz 

10  MHz 
18  MHz 

Efficiency 

90  percent 

65  percent 

30  percent 

85  percent 

Directivity 

5. 8 db 

5 db 

5 db 

5 db 

Wright  (pounds) 

3.6 

14.5 

\ c icquency  (IIMz) 

300 

320 

35.2 

316 

Slots  loaded  with  dielectric  material  are  now  being  used  in  a novel  and  important 
application  H);  in  the  March  1976  issue  of  Microwaves  there  is  a report  on  the  success- 
ful use  of  such  slots  with  a microwave  thermograph  to  delect  and  locate  hot  spots,  below 
human  body  shin.  The  hot  spots  arc  indicative  of  the  possible  presence  of  cancer  cells. 
The  thermograph  is  similar  to  a sensitive  radio  astronomy  receiver;  it  can  detect 

We  have  defined  magnetic  Q as  y.' in"  and  electric  Q as  e'/e". 


206 


■# 


.St 


signals  with  a sensitivity  of  0. 1°K.  The  tests  have  been  made  at  S band  (3.3  GHz) 
using  X band  waveguide  slots  (U.  4x0.0")  loaded  with  a dielectric.  The  antennas  used 
are  almost  identical  to  those  used  by  Lyon  and  Ibrahim  (o)  in  their  study  of  miniaturized 
slot  elements  in  an  array. 
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It  was  interesting  to  note  that  for  some  of  the  ferrite  used  the  relative  permeabil- 
ity decreased  with  increasing  frequency.  (See  Fig.  3.)  This  offers  the  possibility  of 
achieving  more  bandwidth  than  expected  of  materials  with  constant  permeability. 

III.  Loaded  Helical  and  Spiral  Antennas 

We  studied  the  loading  of  helices,  log  conical  spirals,  Archimedean  spirals  and 
equiangular  spirals.  A major  part  of  this  work  was  experimental.  We  were  concerned 
entirely  with  operation  in  the  1 A or  endfire  mode.  For  cylindrical  helices  we  found 
that  ferrite  leading  reduced  the  efficiency  by  a factor  of  l/2.  However,  the  necessary 
diameter  for  endfire  was  also  reduced  by  about  the  same  factor.  We  were  never  able 
to  reduce  the  radii  of  any  helical  antenna  by  a multiplicative  factor  smaller  than  1/2  no 
matter  how  high  we  went  with  q*  or  e‘  . 

In  one  experimental  study  of  log  conical  spiral  antennas  two  log  conical  spiral 
antennas  were  designed  for  the  same  frequency  coverag Eeiilar  feeds  were  used. 

One  of  these  was  unloaded.  The  second  loaded  with  ferrite  had  a diameter  at  the  base 
one-half  of  that  of  the  air-filled  one.  The  axial  height  of  the  loaded  one  was  about  half 
that  of  the  unloaded  or  air-filled  one.  The  ioadcci  one  had  nine  turns  whereas  tire 
unloaded  one  had  five  turns.  The  small  antenna  contained  powdered  ferrite  which  was 
inserted  within  tne  conical  structure.  The  powdered  ferrite  material  was  retained  by 
putting  a thin  sheet  of  polyethylene  plastic  over  the  smaller  log  conical  spiral.  The  fer- 
rite powder  completely  filled  all  space  inside  the  spiraled  conducting  elements.  Ferrite 
extends  just  outside  oi  the  conducting  elements  since  the  supporting  structure  extends 
approximately  1/8"  beyond  the  metal  conducting  elements.  This  ferrite-loaded  antenna 
operated  with  VSWR  characteristics  as  shown  in  Fig.  4 which  also  shews  the  VSWR  for 
the  same  antenna  without  loading. 

The  efficiency  of  the  larger  log  conical  antenna  without  ferrite  was  compared 
with  that  of  the  small  ferrite-filled  log  conical  antenna.  The  small  ferrite- filled  log 
conical  antenna  had  an  efficiency  of  23  percent  at  400  Me  compared  to  an  efficiency  of 
92  percent  for  the  large  log  conical  antenna  at  the  same  frequency.  This  decrease  in 
efficiency  is  accompanied  by  a decrease  in  lineal  antenna  dimensions  of  approximately 
a factor  cf  two  and  a volume  decrease  of  about  a factor  of  7.  This  means  that  a much 
smaller  antenna  of  the  log  conical  type  can  be  made  at  the  sacrifice  of  approximately 
6 db  in  efficiency.  The  radiation  patterns  show  that  otherwise  the  operating  perfor- 
mance is  as  good  as  tl\at  of  the  corresponding  air-fil)od  log  conical  antenna. 

The  VSWR  of  a cavity-backed  bifilar  equiangular  spiral  was  measured  both  with 
and  without  ferrite  loading.  The  feed  was  of  the  "infinite  balun"  type.  The  VSWR  for 
various  conditions  is  sb,  -n  in  Fig.  5.  The  cavity  was  fully  loaded  with  the  ferrite 
powder.  A thin  layer  of  fen  He  powder  was  also  placed  on  top  of  the  spiral.  The  fuPy 
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loaded  case  produced  a reduction  of  the  lower  cutoff  frequency  by  a factor  of  approxi- 
mately 2.  The  introduction  of  the  ferrite  powder  introduced  a narrowbanding  effect  due 
to  the  fact  that  the  magnetic  Q becomes  small  above  700  MITz,  It  is  expected  that  with 
the  development  of  wideband,  high  Q ferrites,  moderate  widobandiug  of  the  spiral 
antenna  could  bo  achieved.  With  presently  available  materials,  a 2 to  1 size  reduction 
is  possible.  Withsuuh  a.  reduction  good  axial  radiation  patterns  have  beer  maintained. 

IV.  Voltage  Tunable  Antennas 

The  tunable  feature  when  applied  to  a small  antenna  will,  in  many  cases,  provide 
an  adequate  substitute  for  a broadband  antenna.  The  frequency  filtering  of  a narrow 
band  but  tunable  antenna  can  reduce  noise  and  in  this  way  frequency  filtering  may  be 
made  to  compensate  for  the  loss  of  spatial  filtering;  electrically  small  antennas  are,  of 
necessity,  ,iot  highly  directive.  Studies  were  made  of  the  impedance  characteristics 
offered  by  electric  monopoles  as  well  as  folded  monopoles  over  a wide  frequency  range. 
Impedance  information  gained  was  then  used  to  synthesize  an  adequate  circuit  model  of 
a particular  antenna.  The  circuit  model  is  then  used  in  conjunction  with  a voltage  con- 
trolled tuning  unit  in  order  tD  meet  a prescribed  frequency  handwidth,  IL  is  possible  to 
use  voltage  timing  by  active  elements  on  a small  antenna  for  some  frequencies  without 
any  substantial  degradation  of  the  signal-lo-noise  ratio. 

The  small  antennas  studied  herein  were  simple  or  folded  electric  monopoles. 
Calculations  and  measurements  of  impedances  were  made.  The  impedance  character- 
istics were  helpful  in  selecting  an  adequate  circuit  model.  Some  of  iha  antennas  became 
capacitive  as  the  frequency  applied  was  made  lower,  whereas  others  became  inductive 
as  the  frequency  became  lower.  Equivalent  circuits  for  short  antennas  may  at  times  be 
useful  in  considering  techniques  that  may  improve  the  performance  At  ary  one  frequen- 
cy, the  equivalent  circuit  for  a short  antenna  can  be  represented  by  resistance  and 
either  capacitance  or  inductance.  If  one  wishes  such  a simple  equivalent  circuit  over  a 
band  of  frequencies,  both  parameters  would  have  to  be  properly  frequency  dependent. 

It  is  possible  to  devise  an  equivalent  circuit  using  only  frequency  independent  circuit 
elements  if  more  elements  are  used.  Fig.  6 shows  the  measured  impedance  of  a folded 
monopole  over  a large  ground  plane.  Below  100  MHz,  it  is  seen  that  the  impedance  is 
largely  inductive . 

An  electronic  tuning  unit,  as  shown  in  Fig.  7 was  assembled  and  used  to  tune  a 
folded  monopole.  Fig.  8 shows  the  results  of  tuning  thir  folded  dipole.  Also  a folded 
monopole  was  used  for  dual  frequency  use;  this  had  separate  channels  at  each  end. 

V.  Conclusions 

Physically  small  antennas  can  be  designed  for  successful  oneration.  Ir.  general 
loading  restricts  the  bandwidth  although  spirals  and  similar  types  continue  to  be  reason- 
ably broadbanded.  Active  element  antennas  have  been  developed  which  are  essentially 
narrow  handed.  However,  since  these  arc  tunable  they  are  adaptable  iv  wideband  usage. 
The  filter  characteristic  of  such  antennas  is  also  useful  from  noise  com-.iderations. 
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SHORT,  ACTIVE,  HIGH-FREQUENCY  ANTENNA 
AS  AN  E-FIELD  PROBE* 

Edwin  F.  Laine 

Lawrence  Livermore  Laboratory,  University  of  California 
Livermore,  California  94550 

ABSTRACT 

The  Lawrence  Livermore  Laboratory  has  developed  a short,  active,  high- 
frequency  antenna  for  use  in  subsurface  geophysical  exploration.  The 
antenna,  which  uses  dual-gate  metallic-oxide  field-effect  transistors 
(MOSFETs) , is  used  essentially  as  an  E-field  probe.  Using  sophisticated 
data-analysis  techniques,  information  provided  by  the  antenna  system  can  be 
used  to  examine  the  characteristics  of  subsurface  geological  media. 

SUMMARY 

The  short,  active  antenna  described  here  was  designed  for  use  in  underground 
geophysical  investigations.  The  antenna  system  is  used  to  measure  the 
power  received  from  an  adjoining  hole  transmitting  a high-frequency 
continuous-wave  or  swept- frequency  signal  transmitted  through  the  earth. 

By  * jasuring  the  received  power  and  its  relative  phase  shift  (using  the 
transmitted  power  as  the  reference),  the  conductivity  and  relative  dielectric 
of  the  earth  in  a path  between  the  two  holes  can  be  calculated.  Sophisticated 
data  analysis  methods,  adopted  from  the  medical  profession,  can  then  be  used 
to  reconstruct  the  characteristics  of  the  media  between  the  two  holes. 

The  receiving  antenna  is  electrically  short  (0.25  m)  for  the  highest 
frequency  used  (typically  0.5  to  50  MHz);  therefore,  radiation  resistance 
is  very  low  and  the  short  antenna  looks  capacitive  (i.e.,  its  capacitive 
reactance  is  very  high).  To  obtain  the  almost  open  circuit  voltage  of  the 

*This  work  was  preformed  under  the  auspices  of  the  U.S.  Energy  Research  and 
Development  Administration  under  contract  ?W-7506-Eng-48. 
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antenna,  it  is  necessary  to  have  a low-capacity  input  amplifier  that 
exhibits  a very  high  reactive  impedance  for  the  highest  frequency  used. 

This  is  accomplished  by  using  dual-gate  metallic-oxide  field-effect  transistors 
(MOSFETs).  A schematic  diagram  of  the  antenna  system  is  shown  in  Fig.  1.  The 
newer  dual-gate  models  have  a very  low  reverse-transfer  capacity  (0.05  pF) 
and  a low  gate-to-source  capacity  (3.0  pF).  The  transistor  selected  (3N200) 
has  back-to-back  diodes  to  protect  the  gates  from  damage.  The  antenna  is  a 
25-cm-long  wire-probe  capacity  coupled  to  gate  1 of  Q1 , which  is  an  impedance 
converter,  or  source  follower.  Feedback  from  the  source  to  gate  1 bootstraps 
the  input  impedance  to  a high  level  by  reducing  the  input  capacity.  Q2  is  a 
conventional,  moderate-gain,  wide-band  amplifier.  It  is  followed  by  amplifiers 
Q3  and  Q4  interconnected  to  form  a Darlington  pair  to  drive  a 50-51  output 
cable.  The  dc  operating  voltage  is  fed  down  the  output  signal  cable.  The 
radio-frequency  choke,  LI  and  CIO,  form  a filter  to  eliminate  signal  feedback 
into  the  supply  voltage  at  the  amplifier.  The  signal  and  dc  voltage  are 
similarly  decoupled  and  separated  at  the  other  end  of  the  cable. 

Active  circuitry  is  constructed  on  a printed  circuit  board  and  housed  in  a 
water-tight  brass  casing.  The  wire  antenna  is  housed  in  a tubular  nylon 
container  along  with  a small  top-loading  disc  of  copper  (Fig.  2).  A lifting 
handle  is  provided  so  a dacron  messenger  cable  can  be  used  to  relieve  strain 
on  the  signal  cable  when  the  antenna  is  used  in  deep  holes.  The  entire 
22-in. -long  u..it  was  made  a uniform  diameter  (2  in.)  to  prevent  snagging 
along  rough  sides  of  uncased  drill  holes.  It  was  also  made  heavy  enough 
to  sink  easily  in  water-filled  holes.  The  coaxial  connecting  cable  is 
threaded  through  randomly  spaced  ferrite  beads  for  the  first  50  ft,  to 
suppress  shield  currents. 

Each  antenna  probe  is  calibrated  in  a parallel-plate  transmission  line 
using  a network  analyzer.  One  channel  records  parallel-plate  voltage  versus 
frequency  while  the  other  channel  does  the  same  for  antenna  output.  Typical 
probe-calibration  curves  are  shown  in  Figs.  3 and  4. 
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This  first  model  is  an  engineering  prototype  model.  Newer  more  simplified 
models  are  currently  being  tested.  The  active  circuitry  has  less  components 
and  the  frequency  response  has  been  extended  to  50  MHz. 

In  all  these  models  the  noise  levels  of  the  antenna  circuitry  are  only  a 
few  db  above  the  noise  level  of  the  test  instruments;  Network  Analyzer 
(-90  dbm)  or  -100  dbm  for  a Spectrum  Analyzer  with  a 1 KHz  bandwidth. 
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Upper  Trace  - Parallel  Plate  Voltage 
Lower  Trace  - Antenna  Output  Voltage 
Horiz.  - 0.5  to  5 MHz 
Vert.  - 10  Oecibels/Div. 
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Fiq.  A - Upper  Trace  - Parallel  Plate  Voltage 
Lower  Trace  - Antenna  Output  Voltage 
Horiz.  - 5.G  to  25  MHz 
Vert.  - 10  Decibel s/Div. 
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EXCERPTS  FROM  THE  DISCUSSIONS 


The  following  excerpts  from  the  technical  discussions  conducted  during  the 
Workshop  are  based  on  tape  recordings,  for  coherency,  they  have  been  ordered 
according  to  subjects,  rather  than  in  the  sequence  in  whicn  the  discussions 
took  place.  When  possible,  contributors  are  identified.  The  editors  apologize 
for  any  omissions  or  incorrect  quotations.  Comments  by  the  editors  which  are 
not  excerpts  of  the  discussions  are  marked  by  (E). 

VEHICULAR  ANTENNAS  FOR  HF  SKY-WAVE  TRANSMISSION 

HF  sky-wave  transmission  is  of  potential  importance  for  ground-to-air 
communication  with  helicopters  flying  it  very  low  altitudes  (nap-of-the-earth 
flights),  and  for  ground-to-ground  comnuni cation  in  mountainous  terrain  (E). 

A frequency  band  about  2 MHz  wide  is  usually  available  for  HF  sky-wave 
communication  within  the  2 to  8 MHz  range.  The  location  of  this  "window" 
depp”ds  on  the  ionospheric  conditions,  and  in  general,  can  be  predicted  rather 
reT.ably  from  ionospheric  observations  (Brane). 

Question  (Lane):  Which  antenna  configuration  for  vehicular  applications 

should  be  selected  to  provide  efficient  hi g.i  angle  sky-wave  radiation? 

Comments : 

For  helicopter  applications,  a vertical  loop  antenna,  the  so-called 

Tranline  antenna,  was  recommended  (Brune).  (This  antenna  is  described 
in  the  papers  by  Brunner  and  Gruber,  p.  '29,  and  by  Medgyesi-Mitschang 
and  Brune,  p.  135.  These  papers  had  not  yet  been  presented  when  the 
question  was  raised. ) 

A vertical  single-turn  loop  antenna  for  jeeps  is  presently  under  develop- 
ment at  ECOM.  This  so-called  roll-bar  antenna  consists  of  a rigid  metal 
rod,  having  the  shape  of  an  inverted  U,  which  extends  from  the  rear 
bumper  over  the  top  of  the  jeep  to  the  front  bumper,  where  the  feed  point 
of  the  antenna  is  located.  The  loop  is  closed  underneath  the  jeep  by  the 
outer  conductor  of  a coaxial  cable,  which  connects  the  feed  point  of  the 
antenna  with  the  transceiver  set  located  in  the  rear  of  the  jeep.  The 
coaxial  cable  section  provides  an  impedance  transformation,  which  facili- 
tates the  matching  of  the  antenna  to  the  transceiver.  The  roll-bar  anten- 
na has  shown  a substantial  improvement  in  sky-wave  transmission  over  that 
provided  by  a standard  15'  Army  whip  antenna.  This  improvement  was  ob- 
tained even  though  this  hew  antenna  could  not  be  completely  matched  to  the 
GRC- 106  Radio  Set  used  in  the  experiments  (Czerwinski) . 

Pakterson  antennas  (which  are  vertical  loop  antennas)  provide  good  sky- 

wave  communication,  but  because  of  their  size  are  more  suitable  for  base 
stations  than  for  vehicular  applications.  These  antennas  are  described  in 
detail  in  the  August  1967  issue  of  Elector** on  (comment  by  Belrose).  The 
effectiveness  of  a Patterson  antenna  in  yielding  reliable  high  angle  sky- 
wave  transmission  has  also  been  observed  at  Georgia  Tech,  where  an  antenna 
of  this  type  provided  consistently  better  communication  over  a 22  km 
ground  distance  than  a resonated  monopole  antenna  (Jenkins). 
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-Measurements  with  horizontal  loop  HF  antennas  installed  on  the  roofs  of 
cars  have  shown  that  the  performance  of  such  antennas  is  superior  to  that 
of  commerci ally-avail  able  center-loaded  whips  (see  for  example,  W.  S. 
Bridges,  QST,  .July  1968)  (Belrose).  Since  horizontal  loops  do  not  radiate 
in  the  vertical  direction,  the  improved  performance  is  probably  due  to  low 
interna]  antenna  losses  thigh  Q)  '(E). 


INTERACTION  OF  ANTENNAS  WITH  THEIR  PLATFORMS 

Army  antennas  are  usually  operated  under  conditions  where  their  electri- 
cal properties  (current  distribution,  impedance  characteristic,  radiation 
pattern,  and  efficiency)  are  strongly  affected  by  their  platform  environments, 
i.e,,  the  structures  on  which  the  antennas  are  mounted,  such  as  tanks,  heli- 
copters, and  shelters.  The  presently  used  center-fed  VHF  whip  antenna 
AS-1729/VRC  was  designed  to  have  minimum  interaction  with  its  platform.  With' 
the  trend  toward  smaller  and  smaller  antennas,  the  decoupling  of  antennas  from 
their  platforms  is  no  longer  feasible.  Small  antennas  have  strong  near  fields, 
and  when  the  near  field  region  is  close  to  the  platform,  interaction  with  the 
antenna  increases  accordingly.  In  the  limiting  case,  the  antenna  degenerates 
to  a coupling  element  between  the  transceiver  and  the  platform  which  functions 
as  the  actual  antenna.  The  conditions  then  become  similar  to  those  described 
in  the  paper  by  Ikrath,  p.  159  (E). 

Due  to  the  structural  complexity  of  ty  pi  cal  Army  platforms,  any  analytic- 
numerical  study  of  the  interaction  between  antenna  and  platform  has  to  rely, 
to  a large  extent,  on  computer  modeling.  A number  of  comments  concerned 
computer  modeling  codes  and  their  underlying  analytic  approaches  (E). 

The  wire  grid  model  lllows  efficient  handlinn  of  structures  which  can  be 
modeled  by  up  to  ^ 250  elements,  assuming  the  storage  capacity  of  modern  com- 
puters. If  symmetry  relations  can  be  utilized,  the  upper  bound  on  the  number 
of  elements  can  be  increased  correspondingly.  The  number  of  250  elements  is 
not  a limit  in  principle,  but  rather  a practical  limit.  If  more  elements 
are  required,  data  storage  discs  or  tapes  may  be  employed.  However,  the 
transfer  into  and  out  of  discs  or  tapes  is  time  consuming,  i.e.,  expensive, 
and  in  addition,  may  lead  to  errors  (Mittra,  Hansen,  Medgyesi-Mitschang) . 

In  applying  the  method  of  momants,  the  cell  size  should  oe  chosen  to 
provide  at  least  5 to  6 elements  per  wavelength.  Empirically,  this  appears  to 
be  the  absolute  minimum  to  obtain  acceptable  accuracy  ■••hen  conventional  basis 
functions  are  used.  Special  techniques  allow  a reduction  in  the  number  of 
elements  in  certain  cases.  Also,  the  use  of  variable  cell  size  (i.e.,  adjust- 
ing the  cell  size  over  a given  structure  in  accordance  with  local  accuracy 
requirements)  would  be  acceptable  and  would  presumably  make  the  program  less 
expensive  to  run;  but  a program  based  on  non-uniform  cell  size  is  more  diffi- 
cult to  write  ( Mittra). 

In  general,  a wire  grid  structure  of  250  elements  will  not  be  sufficient 
to  model  Army  platforms  such  as  tanks  or  helicopters  with  acceptable  accuracy. 

A problem  with  wire  grid  models  is  that— if  the  loop  size  is  not  small  compared 
to  the  wavelength— the  model  tends  to  predetermine  the  direction  of  the  current 

distribution.  Moreover,  the  loops  may  produce  fictitious  resonances.  Far 

field  data,  as  for  example  scatter  characteristics  of  helicopters  or  radiation 
patterns  of  tank  antennas,  may  be  obtained  with  acceptable  accuracy.  But  the 
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computation  of  quantities  strongly  influenced  by  the  near  field,  such  as  the 
input  impedance  or  current  distribution  of  antennas  iri  close  proximity  to  a 
structurally  complex  metal  body,  must  be  treated  with  a great  deal  of  caution 
(Mittra,  Hansen,  Goubau,  Schwcring;  see  also  paper  by  Wang,  p.  147). 

Obviously,  very  good  results  can  be  expected  in  the  case  of  structures 
which  are  composed  of  linear  conductors  such  as  whips,  loops,  wire  grid 
counterpoises,  etc.  (E). 

For  modeling  structures  with  extended  conducting  surfaces,  the  patch 
model  approach  should  be  considered.  This  technique  requires  the  same  input; 
should  be  more  accurate;  is  just  as  easy  to  apply,  and  at  least  as  efficient 
as  the  wire  grid  model.  At  present,  general  computer  codes  for  patch  modeling 
are  not  available.  Development  of  such  codes  was  recommended  (Harrington). 
Codes  for  wire  grid  modeling,  on  the  other  hand,  are  already  in  existence  and 
have  been  widely  tested  and  used.  Examples  includ'-:  the  MBA  pregram,  the  codes 
developed  at  Ohio  State  and  Syracuse  Universities,  the  Lawrence  Livermore 
programs,  and  others  (E). 

A patch  model  approach  has  in  effect  been  used  in  the  numerical  method 
developed  by  Harrington  for  computing  the  fields  of  bodies  of  revolution. 

This  method  uses  a Fourier  expansion  for  the  azimuthal  field  distribution  and 
thus  reduces  the  computational  oroblem  by  one  dimension.  Tne  method  should 
give  very  accurate  results  at  reasonable  cost  (Mittra).  In  the  study  described 
in  the  paper  by  Medgyesi-Mitschang  and  Brune,  p.  135,  this  method  has  been 
employed  to  model  helicopters.  It  was  pointed  out  that,  in  addition  to  numeri- 
cal efficiency,  the  method  facilitates  determination  of  ground  effects  (re- 
flection coefficient  method)  and  their  dependence  on  flight  altitude,  since 
certain  integrals  can  be  evaluated  in  closed  form.  For  details,  see  the 
paper  cited  above  (Medgyesi-Mitschang). 

INTERACTION  OF  HUMAN  BODY  WITH  MANPACK  ANTENNAS 

In  the  two  theoretical  papers  which  apply,  to  this  subject,  Newman  p.  165 
and  Chen  & Nyquist,  p.  171,  the  human  body  is  modeled  by  dielectric  and 
moderately  conducting  bodies.  In  both  papers,  the  interaction  is  formulated 
in  terms  of  volume  currents  in  the  body.  The  question  was  raised  (Mittra) 
whether  formulation  in  terms  of  electric  and  magnetic  surface  currents  had 
been  considered  (assuming  homogeneous  electrical  properties  within  the  body). 
Newman  commented  that  in  their  study  both  approaches  had  been  considered.  In 
the  volume  current  approach,  the  number  of  unknowns  is  roughly  proportional 
to  the  volume  of  the  body;  whereas  in  the  surface  current  approach,  the  num- 
ber of  unknowns  is  proportional  to  the  surface  of  the  body.  Thus  for  bodies 
with  linear  dimensions  on  the  order  of  a wavelength,  the  volume  current  ap- 
proach requires  many  more  unknowns  than  the  surface  current  approach.  However, 
both  apDroaches  lead  to  matrix  sizes  which  cannot  be  handled  efficiently.  At 
larger  wavelengths,  the  volume  current  approach  becomes  more  competitive.  For 
bodies  with  dimensions  on  the  order  of  a quarter  wavelength  or  less,  i.e., 
body  sizes  which  can  be  treated  accurately  within  the  practical  limit  of  250 
unknowns,  the  volume  current  approach  requires  about  as  many,  or  less,  unknowns 
than  the  surface  current  approach  and  yields  as  good,  or  better,  results. 

The  following  comments  based  on  experimental  studies  on  body  effects 
were  contributed:  
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Microwave  irradiation  experiments  on  rats  under  semi-far  field  conditions 

have  indicated  that  the  bone  structure  in  biological  bodies  has  a ten- 
dency to  focus  radiation  and  thus  magnify  the  effects  of  irradiation.  It 
appears  extremely  complicated  to  model  biological  structures  with  accept- 
able accuracy,  and  very  difficult  to  draw  conclusions.  Even  hazard  levels 
appear  to  be  rather  arbitrary.  Studies  in  cooperation  with  biologists 
to  determine  what  constitutes  a hazard  by  EM  radiation  are  under  way 
(contributor  unidentified). 

Experiments  with  manpack  sets  indicate  that  the  spinal  column  is  a rather 

good  conductor  of  electricity  and  does  much  to  enhance  or  subtract  from 
radiation,  depending  on  excitation.  Development  of  a rode!  of  the  human 
body,  more  detailed  than  the  currently  used  homogeneous  model  appears 
desirable.  Under  the  conditions  considered,  for  example,  in  the  paper 
by  Chen  & Nyquist,  ^12%  of  the  power  radiated  by  a manpack  antenna  would 
be  absorbed  by  the  operator's  body.  Experiments  indicate  that  trie  actual 
percentage  is  higher  (contributor  unidentified). 

GROUND  EFFECTS 

The  electrical  properties  of  antennas  which  are  in  close  proximity  co  the 
ground  are  very  difficult  to  compute.  Available  computer  codes  which  take 
ground  effects  into  account,  usually  by  employing  the  reflection  coefficient 
method,  yield  good  approximations  for  the  far  field,  but  fail  for  near  field 
calculations,  in  particular,  they  are  unreliable  for  calculating  the  input 
impedance  of  the  antenna,  which  requires  application  of  the  vigorous  Sommerfeld 
theory.  This  theory,  however,  involves  slowly  converging  integrals  and  is 
computationally  inefficient  (E). 

The  question  was  asked  (Schwerlng)  whether  there  is  a technique  available 
which  combines  both  accuracy  and  computational  efficiency  in  the  modeling  of  near- 
field ground  effects.  Apparently  no  such  technique  is  available  atthe  present  time 
(Mittra).  According  to  the  latest  information,  work  in  this  area  is  under 
way  at  Lawrence  Livermore  Laboratories.  LLL  has  found  that  in  the  case  of  a 
vertical  electric  dipole  and  a ground  of  large  refractive  index,  the  Norton 
formulas  yield  remarkably  accurate  results  for  the  electric  field  strength, 
even  for  distances  from  the  antenna  substantially  smaller  than  one  wavelength, 
which  in  theory  is  the  limit  of  the  range  of  validity  of  Norton's  approxima- 
tion (Hansen,  Medgyes4-Mitschang). 

An  example  of  the  computational  difficulties  encountered  in  assessing 
ground  effects  accurately  was  discussed  in  connection  with  the  paper  by  Lane, 
p.  81,  The  antenna  considered  was  a ground-based  vertical  antenna,  with  a 
ground  stake  or  a single  wire  counterpoise.  In  this  case,  a laborious  semi- 
empirical  method  utilizing  several  approaches  and  involving  curve-fitting  was 
developed  which  gave  good  results  in  the  MF  and  HF  ranges.  A compute*-  program 
using  tiie  reflection  coefficient  method  turned  out  to  be  very  inaccurate  (Lane). 

An  interesting  experimental  study  on  directional  Effects  produced  by  small 
counterpoises  consisting  of  a few  short  radial  wires  was  reported  by  Belrose. 
The  system  studied  used  a 110"  high  center-loaded  whip  antenna  radiating  above 
sandy  soil  at  3.8  MHz;  a counterpoise  of  a few  symmetrically  arranged  radial 
wires  A/4  in  length  was  used. 


For  counterpoises  of  three  or  more  radial s,  little  directivity  was  ob- 
served in  the  horizontal  plane.  When  the  number  of  radial  wires  was  reduced 
to  two,  the  field  strength  in  the  plane  normal  to  these  radials  was  marginally 
stronger  (by  1.5  to  2 dB)  than  in  the  plane  containing  these  radials.  When 
only  one  radial  was  used,  its  orientation  relative  to  the  direction  of  inci- 
dence had  a significant  effect  on  the  received  signal  strength.  When  the 
radial  was  oriented  towards  the  direction  of  incidence,  the  signal  strength 
was  found  to  be  10  dB  higher  than  when  the  radial  was  directed  away  from  it. 
Similar  directivity  effects  should  be  expected  for  vehicular  antennas  placed 
on  one  of  the  "corners"  of  the  body  of  the  vehicle,  "he  study  was  conducted 
experimentally;  a theoretical  confirmation  was  not  attempted  (Belrose). 

It  appears  that  the  theory  of  ground  screens  consisting  of  a few  short 
wires  is  not  well  developed  (H||sen). 

BANDWIDTH  OF  SMALL  ANTfctlNAS 

Antennas  used  for  Army  tactical  communications  are  usually  of  simple 
configuration,  typically  whips  or  loops.  If  these  antennas  are  electrically 
small  and  operated  in  impedance  match,  as  required  to  obtain  high  efficiency 
in  the  transmitting  case,  they  are  inherently  narrow  band  devices.  They  may 
be  tuneable  over  a wide  frequency  band,  but  their  "instantaneous"  bandwidth  is 
small.  However,  there  are  Army  applications  where  large  instantaneous  band- 
widths  are  required.  Examples  are  spread  spectrum  techniques  and  fast  fre- 
quency hopping  (FFH).  The  broad  bandwidth  requirement  in  these  cases  holds 
for  both  transmission  and  reception'*  (E). 

Broad  instantaneous  bandwidth  and  small  antenna  size  are  conflicting 
requirements.  The  use  of  active  antennas  may  provide  a solution  to  this 
problem,  as  demonstrated  for  HF  receiving  antennas  by  the  papers  presented  at 
this  conference.  Active  transmitting  antennas  of  rather  small  size  and  large 
bandwidth  (but  rather  low  power  and  efficiency)  have  been  described  by  Mclean.- 
et.  al.+»§  The  study  of  active  antennas  is  thus  of  significant  interest  for 
Army  tactical  communications.  In  the  case  of  transmitting  antennas,  the 
suppression  of  harmonics  will  be  a problem;  however,  at  the  comparatively  low 
power  levels  of  typical  tactical  radio  communication  equipment  (1  - 50  W),  this 
problem  is  not  likely  to  be  critical  (E). 

The  question  wa..  asked  (Goubau)  whether  there  is  proof  of  the  generally- 
accepted  assumption  that  the  bandwidth  of  a small .antenna  is  determined  by 
the  ratio  of  stored  energy  and  radiated  plus  internal-loss  power  (antenna  Q). 


* 

Instead  of  requiring  broad  band  antennas,  one  may,  of  course,  also 
consider  fast  (i.e.,  electronic)  tuning  methods  for  FFH. 

f 
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This  assumption  is  certainly  correct  if  the  antenna  behaves  as  an  ordinary 
LC  circuit,  as  for  example  in  the  case  of  a small  whip  or  loop.  However,  is 
it  also  correct  when  the  antenna  consists  of  a system  of  closely-coupled 
smaller  radiating  elements?  The  multi -element  monopole  antennas  described  in 
the  paper  by  Goubau,  p,  6.1,  have  a bandwidth  vnich  is  a multiple  of  that  of 
a single  monopoie  of  the  same  overall  dimensions. 

The  question,  in  effect,  remained  unanswered,  A possible  approach  was 
pointed  out  by  Ta\,  who  suggested  that  a study  of  the  location  of  the  poles 
and  zeros  of  the  impedance  function  of  radiating  systems  is  likely  to  provide 
useful  information  on  the  bandwidth  problem,  Fano  in  his  Papers  on  circuit 
theory*gives  a good  definition  of  bandwidin  from  the  impedance  point  of  view. 
His  method  could  possibly  ba  extended  to  the  theory  of  broad  band  antennas, 
when  more  is  known  about  the  poles  and  zeros  of  their  impedance  function. 

ACTIVE  RECEIVING  ANTENNAS 

Responding  to  a request  by  the  discussion  moderator  (Mittra),  Lindenmeier 
discussed  in  some  detail  the  difference  in  matching  conditions  for  small 
passive  and  active  antennas.  In  particular,  he  explained  the  relationship 
between  the  signal-to-noise  bandwidth  of  a receiving  system  (i.e,,  frequency 
band  in  which  S/M  varies  within  a factor  of  2),  and  the  external  noise  level. 

He  showed  that  an  optimum  antenna  height  (see  Meinke.p.  35}  can  also  be 
defined  for  broad-band  antennas.  Any  larger  antenna  would  increase  the  S/N 
ratio  at  the  most  by  3 dB.  Due  to  the  high  external  noise  temperature  in  the 
HF  and  lower  frequency  bands,  active  antennas  which  combine  small  size  and 
extremely  large  bandwidth  can  be  designed.  In  Lindenmeier's  words,  "Active 
receiving  antennas  live  on  the  high  external  noise  temperature.'1  Since  it 
is  not  possible  to  summarize  Lindenmeier's  theory  in  a few  sentences,  reference 
is  made  to  the  pertinent  literature.  >+>§ 

The  optimum  size  cf  an  active  receiving  antenna  as  defined  by  Meinke  and 
Lindenmeier  depends  on  the  external  noise  temperature  and.  the  noise  tempera- 
ture of  the  active  devices  used  in  the  preamplifier.  Several  comments  centered 
around  these  two  noise  quantities; 

™ W “ _l 

R.  M.  Fano,  "Theoretical  limitations  on  the  broadband  matching  of 
arbitrary  impedances,"  R.L.E.  Technical  Report  No.  41,  January  2,  1948. 

H.  Lindenmeier,  "Optimum  bandwidth  of  ^ignal-to-noise  ratio  of  receiving 
systems  with  small  antennas,"  Archiv  fur  Elektronik  und  (Ibertragungs- 
technik,  pp.  358-367,  September  1976. 

+H.  K.  Lindenmeier,  "Relation  between  minimum  antenna  height  and  bandwidth 
of  the  signal-to-noise  ratio  in  a receiving  system,'1  Presented  at  the 
1976  International  IEEE/AP-S  Symposium  & USNC/URSI  Meeting,  Oct.  10-15, 
1976,  Amherst,  Mass.;  published  in  Symposium  Digest. 

'H.  K.  Lindenmeier,  "Design  of  electrically  small  broadband  receiving 
antennas  under  consideration  of  nonlinear  distortions  in  amplifier 
elements,"  Presented  at  the  1976  International  IEEE/AP-S  Symposium  3 
USNC/URSI  Meeting,  Oct.  10-15,  1976,  Amherst,  Mass,;  published  in 
Symposium  Digest..  
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-The  range  over  which  the  external  noise  level  varies  is  very  wide.  The 
CCIR  curves  commonly  used  to  indicate  upper  and  lower  limits  may  not  be 
applicable  in  all  situations  (Bedard). 


—The  CCIR  curves  have  been  found  to  give  good  predictions  in  open  terrain 
(in  southern  Germany).  On  the  other  hand,  cities  have  a.i  incredibly  high 
noise  level;  Munich  was  cited  as  an  example  (Meinke). 

— Modern  low  noise  transistors  seem  to  have  reached  a fairly  uniform  noise 
temperature;  all  of  these  transistors  are  in  practically  the  same  class. 
Future  developments,  of  course,  may  result  ir.  improvements  which  would 
allow  further  reduction  in  the  optimum  height  of  active  receiving  antennas. 
But  it  is  felt  that  the  h , defined  today  is  already  a basic  quantity 
(Meinke). 


opt 


-Cooling  cf  the  preamplifier  would  be  an  effective  way  to  achieve  a low 


electronic  noise  tempe'ature,  and  thus  reduce  the  optimum  antenna  size. 

The  system  ncise  temperature,  of  course,  would  be  above  the  preamplifier 
noise  tempera  cure.  Whether  cooling  is  a reasonable  approach  from  an 
engineering  point  of  view  is  debatable,  but  substantial  improvements  can 
te  achieved  by  this  method  (Bedard). 

Further  Comments 

Bedard  pointed  out  and  Lindenmeier  confirmed  the  parallelism  of  the  two 

active  antenna  methods  described  by  Meinke-Lindenmeier,  pp.  35  and  105, 
and  by  Wei ker-Bedard,  p.  183,  respectively.  The  first  method  applies  to 
whip  antennas  and  uses  a high-impedance  voltage  amplifier;  the  second 
method  applies  to  loop  antennas  ar.d  employs  a low-impedance  current  ampli- 
fier. Both  methods  make  use  of  the  basic  condition  that  the  internal 
(electronics)  noiso  of  the  active  device  should  not  exceed  the  external 
noise  received  by  the  antenna.  Both  approaches  result  in  very  broadband 
antenna  designs,  but  at  large  dynamic  ranges  have  to  cope  with  the  prob- 
lem of  nonlinearity.  The  noise  temperature  in  the  case  of  the  Meinke- 
Lindenmeier  antennas  should  be  in  the  order  of  several  hundred  degrees 
Kelvin;  in  the  case  of  the  Wei ker-Bedard  antennas,  in  the  order  of  several 
degrees  Kelvin  (due  to  cooling).  Hence,  whereas  the  Meinke-Lindenmeier 
antennas  can  be  used  up  to  higher  frequencies,  the  Wei ker-Bedard  antennas 
can  be  used  down  to  dc. 

r T*??.us?  ac^Ve  antennas  is  likely  to  allow  the  design  of  antenna  arrays 
with  closer  element  spacing  the.  -onsidered  up  tn  now.  The  reason: 
reduced  coupling  between  elements.  Work  conducted  at  Ohio  State  University 
in  this  area  looks  encouraging,  but  has  not  been  carried  through  suffi- 
ciently far  to  permit  definite  conclusions  (Walter  ir.  response  to  Bedard). 


The  advantages  of  using  active  rather  than  passive  elements  in  arrays 
nw^.^so  seen  *rom  the  OF- array  discussed  in  Lindenmeier' s paper, 

P.  105,  In  addition  to  a substantial  reduction  in  the  height  of  the 
element  antennas  (in  comparison  tc  a passive  array  of  equivalent  sensi- 
vivny),  the  mutual  coupling  between  elements  is  significantly  smaller 
foi  two  reasons:  lower  element  height  and  the  use  of  active,  i.e., 
unmatched  receiving  networks  (Lindenmeier). 

The  S/M  ratio  of  receiving  antennas  may  be  improved  by  the  use  of  direc- 
arrays.  Directivity  in  the  case  of  electrical_ly__small  antennas 
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'implies  the  use  of  super-directive  arrays.  Theoretical  work  on  such 
arrays  has  been  performed  at  Ohio  State  University,  For  example,  it  has 
been  shown  chat  circular  arrays  as  small  as  0.1  X in  diameter  may  yield 
directivities  up  to  15  dB.  The  arrays  considered  consisted  of  passive 
elements.  The  use  of  active  elements  should  facilitate  the  design  of 
receiving  arrays  by  i educing  inter-element  coupling  (Walter  and  Newman 
in  response  to  Lane). 

ACTIVE  TRANSMITTING  ANTENNAS 

No  papers  were  presented  on  active  antennas  for  transmission.  The  topic 
was  only  touched  upon  during  the  discussion  sessions.  According  to  Meinke, 
not  much  can  be  gained  by  using  active  devices  integrated  with  transmitting 
antennas,  at  least  not  such  fundamental  improvements  as  were  achieved  in  the 
case  of  receiving  antennas.  Solution  of  the  tuning  problem  becomes  easier 
and  a somehwat  better  efficiency  may  be  obtained  if  only  a few  components  (and 
no  transmission  lines)  are  present  between  the  power  amplifier  and  the  antenna. 
Eut  no  dramatic  improvements  are  expected.  The  suppression  of  harmonics  will 
be  a problem,  especially  when  the  allowable  limits  on  harmonic  radiation  are 
set  in  (absolute)  field  strength.  The  problem  will  be  very  difficult  to  solve 
for  high  power  broadcast  antennas,  but  for  the  moderate  power  commonly  used 
in  Army  tactical  communications  (1-50  W),  the  suppression  of  harmonics  should 
not  pose  a major  problem  (Meinke). 

TRANSCEIVER  ANTENNAS 

Transceivers  for  tactical  radio  communication  require  antennas  for  both 
transmission  and  recept.on,  as  opposed,  for  example,  to  direction-finding, 
intercept,  and  navigation  equipment,  which  operate  with  receiving  antennas 
only.  Since  the  electrical  requirements  for  transmitting  and  receiving  anten- 
nas are  basically  different— a fact  very  much  in  evidence  in  the  case  of 
electrically  small  antennas— the  following  question  was  raised:  Is  it  more 

advantageous  in  the  case  of  tactical  transceivers  to  use  two  separate  antennas 
optimized  for  transmission  and  reception,  or  a single  antenna,  possibly  with 
two  different  feed  networks,  to  be  switched  with  the  mode  of  operation?  Tac- 
tical communication  transceivers  are  usually  operated  in  semi-duplex,  i.e., 
they  are  alternately  used  for  transmission  and  reception  (at  the  same  frequen- 
cy), but  are  not  concurrently  onerated  in  both  modes  (E), 


At.  the  University  of  Munich,  experiments  were  made  with  U.  S.  Army  stand- 
ard communication  manpaefc  sets  and  two  separate  (though  by  necessity  closely- 
spaced)  antennas,  i.e.,  a small  active  receiving  antenna  and  a larger  passive 
transmitting  antenna.  Improvements  were  obtained  in  comparison  to  conven- 
tional (single)  Army  whip  antennas.  These  improvements,  however,  were  brought 
about  solely  by  the  active  receiving  antenna;  the  transmitting  antenna  did  not 
contribute  noticeably  to  signal  enhancement  (Meinke). 

The  question  was  asked  (Mittra):  If  a somewhat  larger  transmitting 

antenna  is  needed  anyway,  why  not  use  it  for  reception  also?  No  harm  would  be 
done  by  exceeding  the  optimum  antenna  height  as  defined  by  Meinke.  'In  the 
ensuing  discussion,  the  following  observations  were  contributed: 
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An  active  antenna  which  is  too  efficient  may  cause  intermodulation  prob- 
lems in  the  presence  of  strong  transmitters  (Gibson). 

In  the  case  of  a duplex  or  semi-duplex  comn"ini  cation  system  employing 

diversity  reception,  one  transmitting  antenna  would  be  used  at  each  sta- 
tion with  several  receiving  antennas.  No  advantage  is  to  be  gained  by 
trying  to  combine  the  transmitting  with  the  receiving  antennas  (Linden- 
meier). 

The  use  of  separate  antennas  would  help  to  decouple  receivers  from  trans- 

■ mitters;  in  certain  cases,  it  may  just  be  more  practical  to  use  two 
antennas  (Lindenmeier). 

Editors1  Comment.  The  use  of  only  one  antenna  for  transceivers  has  the  advan- 
tage!)? structural  simplicity.  Furthermore,  if  this  antenna  is  connected  to 
a conventional  variable-reactance  tuning  system  designed  to  provide  maximum 
efficiency  in  the  transmit  mode,  then  feeding  the  receiver  through  the  same 
network  (in  the  same  tuning  state)  would  not  necessarily  degrade  the  S/N  ratio 
in  comparison  to  that  obtained  with  an  active  antenna,  but  might  actually 
slightly  enhance  it.  We  are  considering  here  the  VHF-FM  band.  The  instantan- 
eous bandwidth  is,  of  course,  narrow,  particularly  in  the  case  jf  an  elec- 
trically small  antenna.  But  since  a variable  tuning  network  is  needed  in  the 
first  place— to  cover  the  specified  frequency  band  in  the  transmit  mode—, 
no  advantage  in  principle  is  seen  in  using  a separate  antenna  for  reception, 
even  if  it  is  very  small  and  has  ^ very  wide  (instantaneous)  bandwidth.  Of 
course,  practical  aspects,  as  for  instance,  the  problems  involved  in  realizing 
an  efficient  passive  variable  tuning  systpm  operating  over  a large  frequency- 
band  or  the  possibility  of  improving  the  S/N  ratio  of  a given  receiver  by  con- 
necting it  to  an  antenna  with  an  integrated  high  quality  preamplifier,  may 
create  conditions  where  the  use  of  separate  antennas  would  improve  the  system 
performance.  In  other  words,  for  a given  transceiver,  it  is  entirely  possible 
that  the  S/N  ratio  can  be  increased  by  the  use  of  an  active  ancenna  for  recep- 
tion, as  demonstrated  by  Meinke's  experiments  (see  above). 

DEFINITIONS  AND  STANDARDS  FOR  SMALL  ANTENNAS 

The  term  "electrically  small  antenna"  commonly  refers  to  a radiating 
structure  which  can  oe  accommodated  within  a radian  sphere,  i.e.,  a sphere  of 
diameter  A/n.  n the  case  of  monopole  antennas,  the  "image"  is  to  be  con- 
sidered as  part  of  the  antenna.  A more  stringent  definition  requires  linear 
dimensions  smaller  than  A/10. 

Comment  by  Schroeder.  If  small  antennas  have  a broad  bandwidth,  as  for  exam- 
ple,  the  passive  antenna  described  by  Goubau,  or  the  active  antennas  discussed 
by  Meinke  and  Lindenmeier,  then  the  above  definitions  need  clarification: 

Should  the  condition  that  the  linear  dimensions  be  smaller  than  A/ii  or  A/10, 
be  applied  at  the  lowest  frequency  of  the  band,  at  the  center  frequency,  or 
where? 

Schroeder  furthermore  suggested  that  an  attempt  be  made  to  define  active 
antennas.  The  standard  dictionary  of  the  IEEE  does  not  offer  such  a definition. 
Opinions  ar.  to  the  need  for,  and  approach  to,  defining  active  antennas  dif- 
fered widely: 
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-Hansen  contended  that  the  problem  is  no  longer  relevant.  Every  receiving 
antenna  is  active,  since  it  is  always  connected  to  an  amplifier;  and 
with  recent  designs,  it  is  very  difficult  to  determine  where  the  antenna 
terminates  and  the  receiver  begins. 

■Gibson  suggested  that  a performance  standard  for  active  receiving 
antennas  be  agreed  upon.  This  standard  should  consider  the  whole  system, 
including  the  receiver.  For  example,  the  S/N  ratio  of  a given  system 
might  be  compared  to  the  S/N  ratio  of  a standard  reference  system  to 
provide  an  overall  performance  rating  expressible  in  dB. 


Cottony:  Related  that  a Standard  on  integrated  antennas  is  already  in 

existence.  It  has  been  prepared  by  the  IEEE  receiver  group. 

Note  by  editors:  Any  definition  of  active  antennas  would  necessitate  a 

redefinition  of  antenna  performance  parameters.  The  antenna  panel  of 
The  Technical  Cooperation  Program  (TTCP),  a working  group  set  up  by  the 
defense  departments  of  English-speaking  nations,  has  been  studying  this 
question  and  seeking  guidance  from  both  the  IEEE  and  the  IEE.  A final 
report  has  yet  been  issued. 

Gibson  expanded  his  above  remarks  concerning  a performance  standard  for  active 
receiving  antenna  systems.  An  example  for  a reference  standard  would  be  a 
dipole  antenna  with  a noise-free  receiver  operating  under  an  assumed  sky 
temperature  of  290 c K.  Using  the  S/N  ratio  as  the  basis  for  comparison,  the 
performance  of  any  given  antenna-receiver  system  could  then  be  measured  against 
the  S/N  ratio  achievable  with  the  reference  standard.  The  figure  of  merit 
(performance  in  dB  below  standard)  would  involve  all  pertinent  parameters, 
such  as  efficiency,  noise  figure,  directivity,  sky  temperature,  etc. 

In  response  to  a question  by  Walter  regarding  reference  standards  used  by 
systems  engineers,  Gibson  explained  that  for  satellite  communication  systems, 
the  G,/T  ratio  is  commonly  used  as  performance  parameter,  i.e.,  the  overall  gain 
divided  by  the  system  temperature.  However,  for  ground-based  vehicular  and 
airborne  antennas,  a performance  standard  which  refers  to  a sky  temperature 
of  29C°  K,  rather  than  0°  K,  appears  more  suitable  (Gibson). 

The  comment  was  made  that  in  the  lower  HF  range  and  below  the  external 
noise  temperature  is  so  nigh  that  inconveniently  large  numbers  would  be  ob- 
tained with  the  above  suggested  standard.  Instead,  the  use  of  the  equivalent 
noise  field  strength,  which  should  be  more  convenient,  was  recommended.  At 
higher  frequencies  where  the  external  noise  is  low,  it  would  be  appropriate  to 
base  the  performance  standard  on  the  noise  figure,  as  suggested  (Lindenmeier) . 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  presentations  and  discussions  of  the  Workshop  clearly  demonstrate 
that  the  present  state-of-the-art  in  electrically  small  antennas  i,  not  suf- 
ficiently advanced  to  meet  the  requirements  of  Army  tactical  communications 
systems.  We  are  referring  here,  specifically,  to  the  requirements  of  reason- 
able efficiency  and— in  future  systems— large  instantaneous  bandwidth.  These 
requirements  pose  a difficult  problem  in  the  design  of  transmitting  antennas, 
or  more  generally,  the  design  of  passive  antennas  for  transceivers.  The  situ- 
ation is  different  for  antennas  used  solely  for  reception.  For  these  antennas 
the  important  performance  parameter  is  not  the  radiation  efficiency,  but  the 
S/N  ratio;  and,  due  to  recent  advances  in  active  antenna  techniques,  the 
bandwidth  problem  can  be  regarded  as  solved. 

The  complexity  of  the  problem  in  the  case  of  passive  antennas,  arises 
from  the  fact  that  the  requirements  of  large  instantaneous  bandwidth  and  high 
efficiency  are  in  conflict  with  the  constraint  that  the  antenna  system  be  smal 
compared  to  a wavelength.  However,  small  antennas  mounted  on  helicopters, 
tanks,  or  shelters  interact  strongly  with  their  platforms.  The  dimensions  of 
these  platforms  are  on  the  order  of  a wavelength  in  the  upper  HF  ar.d  lower  VHF 
bands,  !.e.,  at  about  the  center  of  the  frequency  range  commonly  used  for 
tactical  communication.  Therefore,  the  actual  radiating  system,  i.e.,  the 
combination  of  antenna  and  platform  is  not  at  all  small  in  comparison  with  a 
wavelength  in  these  Army  applications.  There  appears  to  be  no  compelling 
reason  why  small  antennas,  or  systems  of  small  antennas,  installed  on  plat- 
forms with  dimensions  in  the  order  of  a wavelength  could  not  have  good  effi- 
ciency and  large  bandwidth.  The  fact  that  there  are  no  efficient  wide  band 
vehicular  antennas  in  existence  should  not  be  taken  to  mean  that  they  are 
infeasible. 

Although  the  problem  of  small,  efficient  vehicular  antennas  is  the  most 
urgent  one  at  the  present  time,  there  are  other  problems  involving  small  an- 
tennas for  which  an  entirely  satisfactory  solution  has  not  as  yet  been  found. 
One  of  these  problems  is  the  development  of  antennas  (including  their  tuning 
systems)  for  manpack  radios  operating  in  the  VHF-FM  range  from  30  to  90  MHz. 
Since  these  antennas  are  used  at  the  front  lines,  the  requirement  for  low 
visibility  is  extremely  important;  and,  since  the  available  power  is  small, 
their  radiation  efficiency  must  be  high.  The  problem  i$  complicated  by  the 
fact  that  the  radio  operator  is  within  the  near  field  region  of  the  antenna. 
-He  may  stand,  walk,  or  lie  prone  on  the  ground.  In  all  these  situations,  an 
adequate  transmission  range  is  a necessity  which  imposes  very  demanding  re- 
quirements, not  so  much  on  the  antenna  itself,  but  on  the  tuning  system.  Sub- 
stantial progress  has  been  made  recently  in  the  design  of  manpack  antennas; 
but  more  work  must  be  carried  out  to  achieve  a better  understanding  of  prox- 
imity effects  and— as  far  as  possible— a reduction  in  their  detrimental  influ- 
ence on  antenna  performance.  The  manpack  antenna  problem  and  various  possible 
approaches  to  its  solution  were  discussed  in  detail  at  a previous  Workshop 
held  at  ECOM  in  1968. 
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Another  problan  to  be/mentioned  in  this  context  is  the  reduction  of  ground 
losses  of  small  groi»nd-ba-*ed  tactical  HF  antennas.  Since  these  antennas  must 
be  transportable  and  easily  installed,  their  ground  systems  cannot  be  bulky. 

To  meet  the  Army-s  requirements  in  the  : re a of  tactical  communication 
antennas  in  the  neaf’future,  Intensified  research  efforts  taking  different 
paths  of  approach  'fill  be  necessary.  A number  of  problems  and  approaches 
which  in  the  opyfion  of  the  editors  merit  special  attention  are  listed  below 
together  wittwffew  explanatory  comments: 

(1)  interaction  of  an  electrically  small  monopole,  or  loop  antenna, with 
a (metal)  platform,  having  dimensions  in  the  order  of  a wavelength. 

The  question  of  the  extent  and  general  direction  in  which  typical 
.Army  platforms  (and  the  location  of  an  antenna  on  such  platforms)  modify  input 
impedance,  radiation,  and  antenna  efficiency  should  be  systematically  investi- 
gated. The  goal  is  to  determine  how  platform  effects  can  be  utilized  to  im- 
prove antenna  performance,  possibly  over  an  extended  range  of  frequencies. 


(2)  Interaction  between  several  small  antennas  Counted  on  the  same 
platform. 

Information  should  be  derived  on  input  impedance,  radiation  patterns, 
and  the  efficiency  of  the  total  system,  including  antennas,  platform,  and  the 
network  interconnecting  the  antennas.  The  objective  of  this  study  will  be 
ontimization  of  system  performance  by  the  use  of  several  strategically-placed 
small  antennas  and  the  systematic  utilization  of  platform  effects.  The  goal 
will  be  to  achieve  reasonable  efficiency  and  broad  bandwidth,  In  addition  to 
predictable,  and  in  certain  casus,  steerable,  patterns.  An  exploratory  study 
related  to  problems  (1)  and  (2)  is  presently  under  consideration  at  ECOM, 
where  a spherical  platform  (or  a hemisphere  on  a ground  plane)  excited  by 
small  antennas  is  analyzed.  Such  platforms  allow  a rigorous  analytical  treat- 
ment yielding  qualitative  information  on  interaction  effects  between  small 
antennas  and  actual  platforms,  and  an  estimate  of  the  order  of  magnitude  of 
these  effects.  A similar  study  involving  larger  antennas  was  recently  reported 
in  the  literature.* 


(3)  Development  of  a computer  modeling  code  based  on  the  patch  model  • 
approach. 

Typical  Army  antenna  platforms  such  as  helicopters,  tanks,  and 
armored  personnel  carriers,  are  complicated  in  structure.  Hence,  theoretical 
studies  of  platform  effects,  such  as  those  suggested  in  (1)  and  (2),  must,  to 
a large  extent,  rely  on  computer  modeling.  Available  computer  codes,  based 


F.  M.  Tesche  and  A.  R.  Neureuther,  "The  analysis  of  monopole  antennas 
located  on  a spherical  vehicle:  Part  I,  Theory,"  IEEE  Transactions  on 
Electromagnetic  Compatibility,  vol.  EMC-18,  pp.  2-8,  February  1976. 

F.  ii,  Tesche,  A.  R.  Neureuther,  and  R.  E.  Stovall,  "The  analysis  of  mono- 
pole antennas  located  on  a spherical  vehicle:  Part  II,  Numerical  and 
Experimental  Results,  IEEE  Transactions  on  Electromagnetic  Compatibility, 
vol,  EMC-18,  pp.  8-15,  February  1976. 


on  the  wire  grid  model,  require  substantially  more  elements  for  numerically 
accurate  modeling  of  Army  platforms  than  can  be  handled  economically  with 
most  of  today's  computers.  The  patch  model  approach  can  be  expected  to  pro- 
vide improved  accuracy  at  substantially  reduced  cost.  Development  of  a versa- 
tile code  based  on  this  approach  is  desirable. 


(4)  Development  of  an  economical  experimental  method  for  measuring 
platform  effects  on  antennas  and  antenna  systems  by  use  of  scale 
mocels. 

Such  a method  would  offer  not  only  an  alternative  to  the  conputer 
modeling  approach  to  problems  (1)  and  (2),  but  is  also  needed  to  establish 
a data  base  of  controlled  experimental  results,  against  which  the  accuracy  of 
newly-developed  computer  codes  can  be  checked. 


(5)  Investigation  of  multi -element,  monopole  antennas. 

The  multi-element  antennas  discussed  in  Goubau's  paper  have  ve^y 
large  bancuvidth  and  high  efficiency,  despite  comparatively  small  size.  How- 
ever, if  present  experimental  models  were  scaled  into  the  VHF  range,  they 
would  be  too  large  for  placement  on  Army  vehicles.  At  present,  there  is  io 
theory  available  to  predict  their  performance  if  their  electrical  size  were 
reduced.  A theory  of  multi-element  antennas  is  therefore  desirable.  A 
number  of  different  antenna  configurations  based  on  the  same  principle  should 
be  investigated. 


(6)  Fundamental  study  on  the  bandwidth  of  electrically  small  antennas. 

The  commonly  accepted  notion  that  the  bandwidth  of  electrically 
small  antennas  is  determined  by  the  ratio  of  stored  energy  and  radiated  nower 
plus  internal  loss  may  require  revision.  There  appears  to  be  no  proof  of 
this  hypothesis  except  for  the  case  of  antennas  of  simple  configuration  (whips 
or  loops),  whose  input  impedance  can  be  described  by  a simple  LC  circuit  with 
a single  resonance.  In  contrast,  Goubau's  antennas  have  several  resonances 
within  the  operating  band. 


(7)  Study  of  active  transmitting  antennas. 

The  state-of-the-art  in  the  area  of  active  receiving  antennas  is 
far  advanced;  but  there  is  much  too  little  information  available  on  active 
transmitting  antennas  to  predict  their  potential  for  Army  applications.  The 
subject  was  only  very  briefly  touched  upon  during  the  discussion  sessions, 
and  no  papers  on  active  transmitting  antennas  were  submitted  for  presentation. 
Although  it  is  unlikely  that  drastic  improvements  in  antenna  performance  will 
be  obtained,  there  is  the  possibility  that  the  use  of  active  monopoles  and 
loops  for  transmission  will  facilitate  efficient  b^oad-band  excitation  of 
platforms,  such  as  tanks  and  helicopters. 


{8)  Development  of  very  fast  electronic  tuning  and  switching  circuits 
for  small  antennas. 

The  availability  of  such  circuits  would  permit  the  use  of  fast  fre- 
quency hopping  (FFH)  techniques,  without  necessitating  antennas  with  large 
instantaneous  bandwidth. 


(9)  Study  of  proximity  effects  on  manpack  antennas. 

A better  understanding  is  needed  of  the  effects  of  interaction  of 
manpack  antennas  with  the  human  body,  with  manpack  attachments,  such  as  the 
microphone  cord,  and  with  the  ground.  Experimental  evidence 
indicates  that  the  nonuniform  distribution  of  conductivity  and  permittivity 
throughout  the  body  significantly  affects  interaction.  Taking  these  inhomo- 
geneities into  account  may  render  numerical  modeling  inefficient,  and  an 
experimental  study  appears  to  be  the  more  promising  approach  at  the  present 
time.  With  regard  to  the  investigation  of  ground  effects,  see  Item  (10). 


(10)  Development  of  an  efficient  numerical  method  for  calculating  ground 
effects  on  near-earth  antennas. 

in  many  situations,  Army  tactical  communication  antennas  radiate  in 
close  proximity  to  the  earth's  surface.  Gurrently-avai Table  computer  codes 
for  the  study  of  such  ~ -itennas  use  approximations  to  take  earth  effects  into 
account.  A consequence  is  that  they  become  inaccurate  when  the  antenna  height 
above  ground  is  decreased  substantially  below  a quarter  wavelength.  (Computed 
radiation  patterns  may  still  be  acceptable,  but  quantities  strongly  influenced 
by  the  antenna  near  field,  such  as  the  current  distribution  and  input  imped- 
ance, become  unreliable.)  On  the  other  hand,  codes  using  the  rigorous  Sommer- 
feld  integrals  are  usually  numerically  inefficient.  A numerical  method  which 
combines  high  accuracy  with  numerical  efficiency  is  needed  for  near-earth 
antenna  studies. 

Note  that  small  phase  errors  in  the  ground-reaction  field  strength  may 
result  in  substantial  errors  in  the  input  resistance  and  radiation  efficiency 
of  small  antenras.  (Since  their  input- impedance  is  usually  purely  reactive, 
even  a small  phase  error  can  lead  to  a large  error  in  input  resistance.) 

Hence,  accuracy  requirements  may  be  stringent. 

Specific  applications  include  the  investigation  of  earth  effects  on 
manpack  antennas  and  the  design  of  lightweight,  transportable  HF-whip  antennas 
and  their  ground  systems,  which  may  typically  consist  of  a few  short  radial 
wires.  The  effectiveness  of  a small  counterpoise  in  reducing  HF  ground  losses 
can  be  inferred  from  a recent  study*  on  near-earth  dipole  antennas,  which 
shows  that  the  major  portion  of  these  losses  occurs  within  a radial  distance 


* 

C.  M.  DeSantis,  I).  V.  Campbell,  and  F.  Schwen'ng,  "An  array  technique 
for  reducing  ground  losses  in  the  HF-rarge,"  IEEE  Transactions  Antennas 
& Propagation,  vol,  AP-21 , pp.  769-773,  November  1973. 
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<0.1  \ about  the  antenna.  Availability  of  an  efficient  computer  method 
which  accurately  includes  ground  effects  would  facilitate  the  design  of 
small  tactical  HF-anter.nas.  For  example,  a trade-off  study  in  terms  of 
factors  such  as  weight,  ease  of  installation,  and  antenna  efficiency  could 
be  conducted  very  economically. 
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